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ABSTRACT
This study of the thermal desorption of zinc from GaAs was
carried out in ultra-high-vacuum using molecular beam and mass
spectrometric techniques. Preliminary experiments showed that the GaAs
substrate may be heated to 930K without altering greatly the stoichiometry
of the surface, while above this temperature it will evaporate with
preferential loss of arsenic. The; sticking coefficient of zinc on GaAs
was found to increase with coverage, reaching a value betv/een 0.8 and 1
at high coverages, and the pumping speed of the vacuum system for zinc
was found to be very high. Auger electron spectroscopy of the GaAs
substrates was carried out to determine the contaminants present on the
surface.. The desorption spectra of zinc from GaAs were studied as a
function of initial zinc coverage. Care was taken to match the experimental
conditions with those assumed in the theory of thermal desorption.
On all GaAs substrates used, a low temperature zinc desorption peak was
seen which grew with zinc coverage without saturating. For the cleanest
specimen used, this peak was analysed, and, from Arrhenius plots, the
desorption energy of the zinc was found to be about 16kcal/mole over a
15 17
range of coverage from about 5 x 10 to 1.4 x 10 atoms/sq. cm. This 
main peak was probably due to evaporation from the nuclei of zinc 
on the surface. During the last stages cf desorption the desorption
15energy of the zinc fell from about 16kcal/mole at a coverage of 5 x 10
14atoms/sq. cm to 6 - 8  kcal/mole at about 5 x 10 atoms/sq. cm. As the 
number of desorption, runs increased the nature of the GaAs became 
permanently changed! this may have been due to diffusion of zinc into 
the top few atomic layers of the substrate. The nature of the adsorbate- 
adsorbent and adsorbate-adsorbate interactions complicated the analysis 
and this allowed comparisons to be made between the various methods of 
analysing thermal desorption curves.
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1 INTRODUCTION'
The study of atoms and molecules on solid surfaces and their adsorption 
and desorption, provides basic knowledge of molecular interactions and 
the solid-gas interface. This knowledge has important applications in 
such fields as corrosion, lubrication, heterogeneous catalysis, and 
the purification and degassing of materials. It is particularly 
relevant to the growth of some materials through the interaction, on 
their surfaces, of atoms and molecules from a vapour.
A new technique which is especially useful for the controlled 
growth of materials is molecular beam epitaxy. This technique allows 
the growth of thin layers of materials with control over their composition 
and has been developed mainly for the growth of compound semiconductors 
where the composition has a large effect on the characteristics of the 
material. Beams of molecules of the component elements of the compound 
are directed onto a substrate and, when the substrate is held at a 
suitable temperature, an epitaxial film of the compound is grown. The 
growth temperature for molecular beam epitaxy is usually much lower than 
for other growth methods so that thermally activated processes, such as 
diffusion, have a much smaller effect. The growth rate can be relatively 
slow and this means that precise thickness control and abrupt changes in 
the composition are possible. So, by molecular beam epitaxy, sherpt 
interfaces and even complex laminar structures can be made* and these 
structures may be especially useful in semiconductor technology for making 
injection lasers, photocathodes, and various other specialised devices.
The information needed to <~:row these layers is provided by basic 
adsorption and desorption studies of the materials used in the growth- 
process. The development of molecular beam epitaxy is made much more 
efficient by the incorporation of a detailed knowledge of the' kinetics- 
of growth and the bond strengths involved.
Various types and strengths of bond may be made between the adsorbed 
material and the surface. The adsorbate may be held by a van der Waals 
bond of physical attraction or by a chemical bond. It is, of course, the 
chemical bond that is responsible for the growth of the material, and 
since it is affected by the chemical state of the surface it is important 
that the surface to be studied should be well characterised chemically.
The values of the parameters which are of interest in the adsorption 
and the desorption processes will vary with the characteristics and the 
temperature of the surface as well as the coverage of the adsorbate.
The sticking coefficient - the ratio of the amount of adsorbate permanently 
adsorbed onto the surface to the amount incident on the surface, can be 
expected to vary greatly with coverage. The surface mobility of the 
adsorbate will relate to the ease with which adsorption sites are found. 
There may be a variety of different types of surface adsorption site 
each with a different energy and a different occupancy at any surface 
temperature and coverage. Each site will be related tc a particular 
crystal or chemical structure of the surface. The order of the desorption 
reaction gives information about the interaction between the adsorbed 
molecules or atoms on the surface, and associated with each type of 
adsorption site is an entropy factor.
The thermal desorption technique is just one of many which may be 
used to investigate these parameters. Each, of course, gives.rather 
different information on the surface processes. Thermal desorption was 
chosen for this study because it seemed to give the most varied and 
complete information.
From thermal desorption it is possible, in principle, to determine 
the number of different sites, the occupancy of each, the energy associated 
with the particular adsorbate-adsorbent interaction, the vibrational 
(or entropy) factor9and the order of the desorption reaction. But, as 
will be shown later,this method, seemingly simple in execution, was found 
to give rather limited reliable information in practice.
The Thermal Desorption Technique
The results of thermal desorption are obtained in the form of the 
pressure-time or the density-time functions which are produced when a 
solid, which has been exposed to a gas or vapour, is heated. The theory 
has been well developed for simple desorption mechanisms with integral 
order kinetics and linear or hyperbolic specimen heating functions.
The first detailed and quantitative analysis of a desorption system 
was that of caesium on tungsten by Langmuir and Kingdon in 1925(1). The 
peculiar characteristics of this system allowed relatively easy measurement 
of the desorbing flux. Under certain circumstances caesium evaporates 
from tungstenin the form of ions which cculd, even at that time, be !
measured ej.ecurica.uLy wixn. greax sensixivixy. inis ana similar systems 
were the only ones which could be studied before the development of more 
s o p h i s t i c a t e d  pressure guagesf since the apparatus available at that time 
was very much less sensitive to the more common desorbed fluxes of neutral 
atoms or molecules.
The flash filament desorption technique was the immediate forerunner 
of the thermal desorption technique, and its inception was due to the then 
new development of the inverted ionisation guage. The guage has a high 
sensitivity, a short response time, and is suitable for use in high 
vacuum systems. For the flash filament experiment-, adsorption of a gas 
on a specimen takes place in a vacuum system. The temperature of the 
specimen is then raised very quickly and the total pressure rise inxthe 
vacuum system is measured by the ionisation guage.
The first quantitative flash desorption measurements were carried out 
by Becker and Hartman (2) and were of nitrogen on tungsten although 
preliminary reports on the technique were given by Molnar and Hartman (3)
and Becker and Hartman (4). Other early work was carried out by Ehrlich
(5-8),also for nitrogen on tungsten. The development of the thermal 
desorption theory was started by Smith and Aranoff in 1958 (9) when the 
main body of desorption studies began.
This early work considered systems of gases such as H , N , CO, and
£ C*
CO , on refractory metals (10,11,12).
The experimental limitations on the analysis of the results were 
severe. This was mainly due to the limitations of the ionisation guage 
for this particular application. The ionisation guage has no way 6f 
separating the ions formed according to their masses and so cannot produce 
partial pressure spectra. In addition, the sensitivity of the guage is 
different for each ion. This means that the guage can measure a quantity 
related only to the total pressure in the vacuum system.
The analysis of the results in terms of the gas which has been
intentionally introduced into the vacuum system necessitated, therefore, 
an assumption that the total pressure curve which was measured by the. guage 
was the same as the partial pressure curve for the gas under test. The 
adsorption and subsequent desorption of any other gas which may have been 
present during the experiment is therefore ignored. Unfortunately the hot 
filament of the ionisation guage generates impurity gases and, obviously, 
if the sticking coefficient of these or of any other impurities is not very
small, the shape of the flash spectrum may bear little resemblance to 
the shape of the partial pressure curve for the particular gas under test.
i
A second problem was that to obtain a large, and therefore measurable, 
pressure rise in the system a very fast heating rate for the specimen": 
was needed. This meant that very little detail of the desorption process 
was revealed. Only slight steps in the steeply rising pressure-time curves 
could be seen.
Another difficulty was that since the ionisation guage was not 
suitable for measuring the desorption spectrum of a condensable gas, only 
a non-condensable gas could be used in the desorption experiments. This 
had the effect of further lowering the resolution of the desorption curves 
since the pumping speed of the vacuum system for these gases is 
relatively low. Moreover the use of the non-condensable gas may lead to 
spurious results due to replacement on or desorption from the chamber walls
In addition to these difficulties in measuring the desorbing flux, 
the specimen surfaces were not well characterised. The cleanliness of 
the sample was not monitored and experiments were usually done with 
polycrystalline rather than with single crystal surfaces.
The flash filament desorption technique developed ihtjo the thermal 
desorption technique when Redhead (13) used a slower heating rate to 
increase the resolution of the desorption measurement. Although a mass 
spectrometer was used to study desorption as early as 1957 (14) mass 
spectrometers came into general use for desorption experiments much later 
and then,by the measurement of the partial pressures of the desorbing 
species, some of the difficulties and assumptions which had been involved 
in the flash filament method were eliminated. The influence of surface 
contaminants on the thermal desorption process began to be realised and 
efforts were made to improve the characterisation of the surfaces,
Peterman (15), Schmidt (16), and King (17) have written recent review 
articles on thermal desorption.
The work on gases cn refractory metals still forms a major portion 
of the thermal desorption experiments but the range of the method has 
row increased to include other gases and vapours on other materials.
Emphasis is now placed on the use of a mass spectrometer to measure;■the 
partial pressure changes and on a slow heating rate.
Recently other systems of gases or vapours on solids have been 
investigated. Romanova (18) looked at various gases on silicon and 
germanium and Burton (19) at various gases on silicon. Recently some 
systems of metals on other metals, graphite, and semiconductors have been 
studied but these have not, so far, been very numerous. Some of these 
systems are mentioned here to give an outline of the type of information 
that is found.
Seme metal-solid desorption systems
Three metal-tungsten systems which have been reported recently 
seem to show similar features. The systems are gallium-tungsten (20), 
cadmium-tungsten (21), and silver-tungsten (22). Each system shows two 
different adsorption states*; at' low', coverages a more tightly bound state 
which saturates at about 1 monolayer coverage,' and at higher1 coverages a looser 
bound state which grows indefinitely with .coverage. Nucleation seems to 
occur after multilayer adsorption. These systems are examples of a strong 
adsorbate-adsorbent interaction compared with the adsorbate-adsorbate 
interaction.
The copper-graphite system (23) is described as an example of.a system 
where the adsorbate-adsorbent interaction is relatively weak. At zero 
coverage, the sticking coefficient of copper on graphite was less thaii 
0.05 at room temperature but at high coverages the coefficient rose to 1.
The thermal desorption curves of copper from graphite moved to higher 
temperatures with increasing coverage and the authors* analyses implied 
£ order kinetics for the desorption reaction.
A few metal-semiconductor systems have been studied:
indium on silicon (24,25,26),
cadmium on germanium (27,28),
zinc on germanium (29) and
zinc on gallium arsenide (30).
The variety of materials, of crystallographic surfaces examined, and<-of 
experimental methods makes it difficult to correlate the results for 
metals on semiconductors. The indium-silicon (111) system shews an 
adsorption state with a desorption energy almost equal to the heat of 
evaporation of indium, with first order kinetics and saturation 
at about 0.1 monolayer coverage. A second desorption peak then develops
which shows no sign of saturating1 up to A x 10“ *atoms/sq, cm and which
moves to lower temperatures with increasing coverage. The cadmium on
germanium experiments were carried out on a large number of crystallographic
surfaces (27,28). The results from the (111) surface seemed to show
two states and assuming that these were first order,the:mbre strongly held
state seemed to have an energy which corresponded to the heat of
evaporation of cadmium while the second peak had a slightly lower energy.
No test was made of the order of the desorption reaction. Various other
surfaces were used but the results for these were not as clear. For
zinc on germanium (29) a desorption spec trum for the XlOO) surface was
reported' and showed five desorption peaks, Nucleation seems to occur
when about 80% of surface sites are filled, Arthur (30) studied the system
of zinc on gallium arsenide. The desorption spectrum showed two peaks
but it is not clear whether the spectrrm was from a (100) or a (111)
13 .
surface. The more strongly bound state saturated at 1-2 x 10 atoms/sq, cm 
.and an Arrhenius plot of the initial desorption rates gave a desorption 
energy of 37-39 kcal/mol. The less strongly bound state did not saturate, 
had an energy approximately equal to the heat of evaporation of zinc, 
and moved upwards in temperature with increasing surface coverage.
The aim of the study and the1 thesis arrangement
The aim of this study was to set up and examine the thermal desorption 
technique for subsequent use on a number of different materials connected 
with the 'growth and doping of compound semiconductors. The materials . 
chosen for this study were zinc' and gallium arsenide, gallium-arsenide because 
it is much used already in various applications and zinc because it is a useful 
dopant for the semiconductor.. Moreover the zinc-gallium arsenide system seemed 
to have been fully characterised (30) and so seemed to be a good simple 
system for calibration and for checking the apparatus and the method 
although various discrepancies arose between Arthurs results and those 
reported here during the course of the work.
Before the zinc-gallium arsenide system could be studied it was 
necessary to know about the characteristics of gallium arsenide and in 
particular the effect of heat on it,
' o The first section of the report, therefore, deals with the equilibrium 
and then the free evaporation of GaAs. The change in surface topography 
when GaAs is heated and the congruent evaporation region for free 
evaporation is discussed. Auger electron spectroscopy is used to monitor 
the surface cleanliness. The pumping speed of the vacuum chamber , for 
zinc is shown to be very high and an estimate of the sticking coefficient
of zinc on GaAs is made;
The thermal desorption technique is considered for multilayer adsorption
under conditions which compare well with the ideal theoretical conditions,
A very high temperature zinc desorption peak was found on GaAs (100) surfaces
13contaminated with oxygen. The peak saturated at less than 1 x 10 atoms/sq cm. 
Otherwise only one desorption peak was found. This lower temperature 
peak changed in a complicated way with coverage and also with the number of 
desorption runs. This peak almost certainly originates from the bulk 
deposit of zinc on the surface. The nature of the gallium arsenide surface 
changes slowly but permanently with the number of zinc deposition and 
desorption cycles •
The analysis of the results for tie peak has shown the difficulties 
and ambiguities involved in the analysis of thermal desorption data, the 
care needed in the interpretation, and the limitations of the technique.
z.f 'me zquniprium and free evaporation of GaAs 
The Equilibrium Bvaporation of GaAs
Introduction
The evaporation of GaAs under equilibrium conditions was studied to 
provide the basic information needed for the measurement and interpretation 
of the free evaporation of GaAs, The Knudsen cell which was to be used 
later for zinc deposition could be tested.in the same experiment. Since 
GaAs dissociates on heating and the vapour pressure of arsenic is relatively 
high it was necessary to develop, under reproducible conditions, a vapour 
pressure measurement technique for situations where there are high background 
partial pressures of the species to be measured. The composition and 
pressure of a vapour in equilibrium with a solid or liquid is standard and 
reproducible, being characteristic of the material being evaporated and 
dependent only on the temperature of the material. The equilibrium vapour 
may be produced using a - Kriudsen cell (see appendix 1) and this cell 
is particularly suitable for use in a vacuum system, 7/hen the cell is used 
as an evaporation source the vapour effusing through the orifice in the 
cell wall will not depend on time until the composition of the material in 
the cell starts to change. The effusing vapour will be a sample of the 
vapour set up over the material in the cell, which ideally is the equilibrium 
vapour of the material but which may well be affected by some gas phase 
equilibrium, within the cell.
Previous studies of the equilibrium evaporation of GaAs
Various techniques have been used to measure the vapour in equilibrium 
with GaAs and the results have often been conflicting. The early results 
by Drowart and Goldfinger (31), Gutbier (32), and de Maria et al (33) 
showed that GaAs dissociates when it is heated. The vapour pressure of 
the arsenic species was found to rise more quickly with the temperature of 
the GaAs than the pressure of the gallium vapour, to become dominant 
at relatively low temperatures. Since the vapour pressure of arsenic 
is high, a background pressure of arsenic could be established' in the 
vacuum system during the evaporation experiments and could be measured 
with the vapour direct from the evaporating GaAs. The early authors did not 
try to distinguish that part of the signal due to evaporation direct frcm 
the GaAs from that part due to the background pressure.
Arthur (34) made the first attempt to remove the effect of the background 
gas and measure the true vapour pressures. A liquid-nitrogen cooled shield 
surrounded the ionisation chamber of the mass spectrometer to increase the 
pumping speed in th is region. The ions As+, As0+, As3 +* As4 + and Ga+ were
•y > *f*
observed by the mass spectrometer*. The As intensity was; related to the As0
intensity and As was thought to be a fragment :ion. The As ion was
+ +similarly thought to be a fragment of As^* The ratio of As0 to As^ at 
1100°K . was found to change from about 1 with no cooled surfaces in the 
chamber to 150 when a cooled shield and a shutter were used. The previous 
low value for the ratio was thought to be due to As^ molecules which ha.d 
effused from the Knuisen cell and had then recombined on the chamber walls 
to produce As^*
The equilibrium evaporation of GaAs - this and later work .
Foxoh et al (35, bound in at the back of the thesis) studied the 
evaporation of GaAs by modulation of the beam effusing from the Knudsen 
cell and synchronous detection of the signal in the mass spectrometer*
Random arrival of background molecules limited the detection sensitivity.
*£■ '+ + 4*
V/ithout modulation the ions As , As2 , As^* As^ 9 and Ga were seen, and
a direct comparison of the results obtained by beam modulation v/ith those
that would have been obtained by total pressure measurement is given.
o
In the temperature range used, 1030 - 1180 K, the ion species derived from
•f* . *f*
the beam directly from the furnace wore As , As , and the two isotopes
of gallium# An upper limit of the ratio of As4 to As in the equilibrium
—  2
vapour over GaAs was found to be less than 1%,
The modulation and synchronous detection technique was further refined 
by Foxon et al (36) when it was realised that modulation at a fixed frequency 
only was insufficient to distinguish the direct beam from the background gas 
in all circumstances. A molecule, after modulation, may interact with some 
part of the vacuum system, for instance As2 may react on the walls of the 
chamber to give As^, and st ill produce a synchronous signal provided that the 
time spent in the interaction is not long compared v/ith the period of 
modulation. The improved technique was to measure, under each set of evaporation 
conditions the phase shift of each species as a function of frequency*
The species which have come directly from the source and those which have 
experienced additional delays may then be distinguished. Unfortunately 
thistechnique cannot distinguish between molecules of the same species which 
have experienced various delays*
A more sophisticated technique using pulsed signals v/ith signal 
averaging and fast Fourier transforms (37) can distinguish between molecules 
of the same species which have suffered different delays, and this has been 
used to study the kinetics of the reaction of As^ with a GaAs surface.
It is interesting to see how the results for some other compound
semiconductors compare w :th those for GaAs using these latest techniques.
Signa} averaging was used to measure the equilibrium vapour pressures cf
GaAs and the value of the ratio ‘P /p  was found "then ‘to be less than
10 *(36). No As- was in fact detected: the limit on the ratio was:4
determined from the time taken for the foraging. The equilibrium vapour
. over GaP was found to consist mainly of P . The results from a study
of InP by phase sensitive detection and signal averaging gave In, Pg and P^
+ +
in the direct flux from the oven with'P or P being fragment ions.O
However, free evaporation of InP showed the only was being evolved from 
the crystal surface. This meant that the P^ from the ISaudsen cell was 
probably being formed by an association reaction in the evaporation cell.
The cell temperature for InP was lower than for GaP so the formation of P.4
was more favourable.
The equilibrium condition of the Knudsen cell, which was of the same 
design as those used for the thermal desorption experiments, was tested by 
altering the aperture size by a factor of ten. The effusing flux was 
ten times greater but otherwise there was no difference in the vapour pressures.
The variety of results which can be obtained by different studies of 
the same material in an equilibrium evaporation experiment, when one of the 
component vapours has a high background pressure in the vacuum system, 
has shown the need for care in experimental design and in the interpretation 
of the results. Sophisticated experimental and analysis techniques seem 
to have eliminated many of the problems associated with this situation.
The free evaporation of GaAs 
Introduction
Having considered some cf the techniques which have been used to 
study the equilibrium evaporation of GaAs and some other semiconductors 
we shall now consider the free evaporation of GaAs bearing in mind the 
difficulties v/ith the background arsenic pressure mentioned.
Little work has been carried out on the free evaporation of GaAs : 
a recent study has been reported by Lou and Somorjai (38). Small areas 
of free gallium were seen on the (111) and Clll).faces above 1070°IC and on 
the (111) face,triangular thermal etch pits were noticed. Although some
■j- *4“
liquid nitrogen cooling was used and the As and the~As ' ions were* O
identified as fragments, only a simple shutter was used to measure the 
background pressures, no gallium mass peak was seen from the GaAs even 
when its temperature was 1175°K, and the data of De Maria et al (33) was 
used in preference to that of Arthur (34). The crystal could-not have 
had line-of-sight of t he mass spectrometer and the precautions taken 
to distinguish the evaporating flux from the background pressure were 
quite inadequate.
The Free Evaporation of GaAs - surface topographical changes
Foxon et al (35), working v/ith the (100) surface of GaAs, found that,
although the specimen surfaces were fairly smooth before heating (Fig la),
specimens which had been heated near but not above 870°K were roughened 
v/ith very small pits. Two examples are shown of specimens which 
had been heated to about 870°K for 5 min. One (Fig lb) shows
a finely roughened surface and the other (Fig (2a) shews larger
crystallographic pits. Unfortunately these pits were too small 
for crystallographic study in the scanning electron microscope.
Fig. la. GaAs specimen (100) surface before heating.
Fig. lb. GaAs specimen surface after heating to abcu 
870K for 5 ruin.
xig. 2a. GaAs specimen surface after heating to about 
870K for 5 min.
Fig. 2b. GaAs specimen surface after heating above 
930K.
o
Y/hen the GaAs crystal was heated above about 930 K the surface became 
heavily etched (Fig 2 b) and small areas of excess gallium remained on 
the surface. Rectangular pits were seenvh ich intersected the surface 
in the <LlCt> directions while tilting experiments in the scanning electron 
microscope suggested that the facets exposed were (111).
The congruent evaporation region
When studying the free evaporation fluxes with beam modulation,
Foxon et al (35) measured spectra qualitatively similar to those
measured for equilibrium evaporation. The value of the ratio of the
arsenic flux to the gallium flux was dependent on the crystal temperature
as it was, for equilibrium evaporation, on the cell temperature. In
the case of free evaporation the ratio remained roughly constant up to
o
a crystal temperature of about 930 K and then rose rapidly with temperature 
From the constancy of this ratio below 930°IC and the fact that no excess 
gallium or arsenic could be seen on the crystal surface if it had not 
been heated above this temperature, it seems that, under free evaporation 
conditions, gallium arsenide evaporates congruently at all temperatures 
below 930°IC.
The equilibrium vapour pressure data for GaAs shows that, at lav 
temperatures, the vapour pressure of gallium is higher than that of arsenic 
Excess arsenic is not left on the surface at these temperatures because the 
sticking coefficient of arsenic on GaAs in the absence of excess gallium 
is very low (39) and any arsenic that is momentarily left on the GaAs 
surface after the evaporation of gallium is soon evaporated.
It is interesting to find that for InP a similar congruent evaporation 
region is found (40),s
Summary v
The significance of p. congruent evaporation region for GaAs to the 
thermal desorption experiment is that instead of there being a congruent 
evaporation point for the evaporation, and consequently a large change in 
surface stoichiometry as the specimen temperature ramp progresses, there 
is a large range of temperature for which the surface stoichiometry 
varies relatively little. The specimen can therefore be heated to about 
930° K without greatly altering the surface stoichiometry although even 
below thfe temperature large changes in surface topography take place.
2.2.Auger Electron Spectroscopy of GaAs 
Introduction
To make a valid study of the surface chemistry of a material 
it is important that the surface be well characterised. The surface under 
test is bombarded by electrons with an energy in the range 1 - 5  keV, and 
the secondary electron energy distribution is differentiated' to reveal 
electrons which have an energy characteristic of the element from uhich 
they hg.ve been ejected. These are the Auger electrons. Since Auger .
electrons suffer energy losses when passing through the material of the 
substrate, only those formed in the first 1 - 5  atomic layers will be 
recognised (41). "'Auger electron spectroscopy, which has been developed 
relatively recently, is a helpful if as yet mainly qualitative, tool.
Ilethod
The apparatus used for the whole series of experiments including 
the Auger electron spectroscopy was a'UIIV stainless steel system with 
demountable flanges sealed with copper gaskets’. The main chamber is pumped by 
£ 500 1/sec argon-stable ion pump while a 151/sec ion pump pumps the subsidiary 
mass spectrometer chamber. The base pressure was about 1x10 ^torr after bakeout 
to 180°C. - Ports were used for the LEED-Auger optics, the glancing 
incidence electron gun, a window, and various furnace configurations.
The Auger spectra shown in this section were taken with a Vacuum 
Generators 3-grid retarding potential analyser system but later spectra 
shown in section 4.2 were t2'ken with a 4-grid system.
The specimens used here were GaAs n-type single crystals, silicon 
17 -3
doped to 5 x 10 cm free carrier concentration. The crystals were cut 
with a Zwicky diamond saw into slices 20mm x 5mm x 1mm, parallel to a {toe} 
plane. The GaAs slices were polished in a 1% solution, of bromine in 
methanol and were then put in the vacuum system in. the specimen holder 
described in section 4.32. The specimens used for the experiments involving 
zinc were prepared by growing an epitaxial layer on the gas-polished surface..
After the bakeout of the vacuum system and heating the specimen to about
470°K to desorb loosely bound gases, the Auger spectra were taken.
Further heat treatment was used to clean the specimen. Some specimens
v/ere heated above the congruent evaporation point during the free
evaporation experiments and Auger spectra were taken of some of these specimens
for comparison. All the spectra shown were taken at glancing incidence
with the angle of the electron beam to the plane of the surface being 
_ o30 or less.
Results
A comparison between the Auger spectra of two differently 
prepared GaAs surfaces is shown in Fig. 3. The upper figure 
shows part of the spectrum of a specimen that had been 
polished in the solution of bromine in methanol and had beei 
baked during bakeout of the vacuum system. The lower figure shows 
a similar part of the spectrum from the same specimen after it 
had been subsequently heated in the vacuum system to 810°K and 
had been held at that temperature for 5 min.
The first spectrum shows a large peak due to oxygen as well 
as carbon and'sulphur impurities. One effect of the surface 
contamination is to reduce the height of the gallium and arsenic 
peaks from the specimen. A.fter the heat cleaning in the vacuum 
the oxygen signal and the sulphur signal disappeared. In this 
case the mass spectrometer showed that the sulphur came off as sulphur 
dioxide. The gallium and arsenic peaks are now much larger.
The most common peaks seen v/ere the 32, 39, 41 and 91 volt 
arsenic peaks, and the 10, 49.5, 53, and 78 volt gallium peaks (42).
Fig. 4 shows a comparison betv/een the Auger spectra obtained 
from the heat-cleaned specimen and from one that had been heated . 
beyond the congruent evaporation limit and which then had 
regions of free gallium on the surface (Fig. 2b). The arsenic peaks 
are smaller, and the gallium peaks are larger and have also changed in 
shape and position.
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Discussion
The ’contaminated1 specimen considered here was a little atypical 
in that the Auger spectrum showed a strong sulphur signal. During 
the heat cleaning of the specimens a mass spectrometer was occasionally 
used to monitor the composition of the gns in the vacuum system. 7/hile 
the specimen contaminated with sulphur was being cleaned a mass peal: 
at 64 AI.'V was seen and this corresponds to the mass of The presence
of the sulphur made the removal of the oxygen from the surface of the 
specimen much easier.
o
This specimen was heat cleaned at 810 K for 5 m m  whereas with no sulphur 
contamination on the surface a specimen needed to be heated 
to about 850°K for about 15 min. No mass peak Corresponding to the gallium 
oxide Ga^O or to arsenic oxides v/ere seen during the heat cleaning of 
specimens either with or v/ithout sulphur present on the surface. This may 
mean that in the case of sulphur contamination the oxygen comes off as 
sulphur dioxide whereas v/ithout sulphur contamination the oxygen may 
diffuse intc the bulk crystal.
’-‘/hen t!e GaAs substrate had been heat-cleaned the position of the 
gallium and arsenic peaks compared well with the published spectra (42).
The only measurable contaminant is about 5-20% of a monolayer of carbon.
For the specimen with free gallium on the surface the height of the 
arsenic peaks is much reduced and the position of the gallium peaks is 
different from the position of the peaks originating free the gallium 
in the gallium arsenide. The N(F) curve shows considerable change and 
the effects are probably due to the change in the chemical environment 
of the gallium g.toms.
3• Zinc Studios
3.1 Equilibrium evaporation of zinc 
Introduction
For the sticking coefficient experiment and for each thermal}, 
desorption run it is necessary to know the amount of zinc which 
ha.s been deposited on the surface of the specimen. A useful guide 
to the kinetics of the adsorption and desorption reactions may be 
obtained by considering the variation with coverage of such variables 
as the sticking coefficient, the desorption energy, and the desorption 
rate. A technique suitable for measuring.directlyethe amount of 
zinc on the GaAs surface was not available. An indirect method was 
chosenr to measure the exposure of the surface to zinc from a Knudsen 
cell and also the sticking coefficient of zinc on the GaAs surface.
The use of a Knudsen cell for the evaporation of zinc > onto the 
surface enabled the exposure of zinc to be fairly Well defined.
The flux from a Knudsden cell is determined by the temperature of the 
cell and the size of its aperture (Appendix 1). The apertures used 
throughout the experiment were all of the same size. It was thought 
wise to check that the cell was behaving as an equilibrium source.
One experiment that could be carried out quite easily was the 
measurement of the heat of evaporation of zinc, by taking measurements 
of the relative vapour pressure of the zinc as a function of cell 
temperature.
Tlethod
The experimental arrangement of the vacuum system used for thds 
measurement was similar to that used for the measurement of the 
equilibrium evaporation of gallium arsenide. A horizontal cross section 
through the vacuum system showing the arrangement used for the equilibrium 
evaporation of GaAs, which h;as already been discussed*is shown in Fig. 5. 
For the evaporation of zinc the only difference was that the chopper 
was rotated in the vertical plane rather than in the horizontal plane.
The zinc used both for the evaporation experiment and for the 
desorption'experiment was 99.995 reagent quality, with 0.002% Fe and 
0.002% Pb being the main impurities. The zinc was loaded into a Knuds<en 
cell vhich was developed by Foxcn (35). The external dimensions of the 
cell are 15mm x 10mm.0D, It is made from graphite, has a tungsten wire-wound 
heater, and a chrorriel-alumel thermocouple attached to a piece of
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molybdenum sheet in a black body thermal enclosure beneath the cell 
(Fig. 6). The measured temperature was reported to be accurate to - 3K
*4*
and'the cell temperature to be kept constant to - IK ' by regulating the 
voltage to the heater (35). For these equilibrium measurements the 
circular orifice had a diameter of 1mm.
A chopper was used to modulate the beam flux from the Knud sen 
cell. This two-bladed chopper* which could be used in various 
positions in the system according to the requirements of the experiment, 
was driven; inside the system by a bakeable Ferranti A-ER/9B motor.
A lamp and a Ilullard phototransistor (type BPK25) were placed, one on 
either side of the chopper blade,, to provide a reference signal when the 
blade was rotated.
The mass spectrometer v/as an EA'I 1100 quadrupole resonance mass 
spectrometer with unit mass -resolution, a range of 1-300 AI.TTJ, and 
a mass discrimination of about 3% per ANU. The mass discrimination had been 
measured by comparing the spectra of Zn, Sn, Pb and Y/ with the published 
isotope ratios. Y/orking parameters were: electron energy 7CeV, 'ion
energy SV, and emission current 0.5A.
During the experiment the furnace v/as warmed and the mass spectrometer 
was adjusted' so that bit measured the height of one of the peaks in the zinc 
spectrum. The furnace v/as then held at each required temperature for a 
short time and the chopped peak height at that temperature v/as measured.
No liquid nitrogen1 cooling v/as used because the background pressure c£ 
zinc in the vacuum chamber was low.
Results and discussion
An Arrhenius type of plot of the results of tie test are shown 
in Fig. 7* The logarithm of the height of the zinc peak multiplied by T, 
the temperature of the furnace, (to-allow for the density rather than 
pressure measurement of the mass spectrcmeter) is plotted against 1000/T°K 
This graph gives a straight line and a derived heat of 31-33 kcal/mole 
which compares with the accepted value of ^0.8 ^'cal/mole (43).
The- experimental value is therefore a little high and this maybeLdue to 
the time taken for the furnace to come to equilibrium which is longer 
at the lower furnace temperatures than at the higher. The temperature 
at which a Knud den cell c&ases to behave in the ideal Knudsen manner, 
because the pressure in the cell is so high that molecular interactions 
lo.ver the effusion rate, is known as the Knudsen limit. For this
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cell the pressure at the Knudsen limit v/as just above 0.5 torr.
The effusion rate from a zinc furnace was much reduced after the 
vacuum system had been let up to atmospheric pressure, probably due to the 
formation of an oxide on the surface of the zinc in the cell. Because 
of this,the furnace was emptied and refilled every time the vacuum system 
was let up to atmospheric pressure. The effusion rate also decreased 
when the temperature of the furnace was increased above the melting 
point of zinc. This may be due to a reduction in the surface area for 
evaporation when one mass of zinc is formed from the many chips of zinc 
originally placed in the furnace. To maintain a more reproducible flux, 
therefore, the temperature of the furnace for the deposition experiment 
v/as kept belav the melting point of zinc.
Conclusion
As long as the furnace was newly - filled each time the system-was 
let up to atmospheric pressure and the tonperature of the furnace v/as 
kept below the melting point of zinc, it was assumed that the'flux 
effusing from the cell could be calculated directly from the standard 
zinc vapour pressure data (43).
3.2 Pumping speed of the vacuum chamber for zinc 
Introduction
The shape of the experimentally measured thermal desorption spectra 
of z inc from gallium arsenide will depend on thfe kinetics of the 
desorption process on the surface and on the modifications to that shape 
by the measuring system. Various experimental difficulties a,re 
discussed in the theory and method sections on the thermal desorption 
experiment but the obvious effect of the pumping speed of the vacuum 
system on the shape of the curve can be '.measured more or less directly
and is discussed here. The measured flux c£ zinc will consist of two parts,
firstly the direct flux coming straight from thd heated specimen and 
secondly the background pressure of zinc in the vacuum system.
To get some value for the pumping speed of the system for zinc 
a modulated molecular beam technique was again used. The molecular beam 
this time was of zinc from a Knudsen cell. A small computer (Honeywell 
type 516) was used as a signal averager.
method
The system arrangement for the measurement is shown in Fig.8 except 
that for this experiment the specimen v/as not used. The Knudsen cell 
containing zinc was set in a side port above the centre plane cf the 
system (Fig. 9). The cell itself had an angled hole and the collimating 
slits were offset to provide a molecular beam of zinc with its centre
at the centre of the system and with a width that well covered the specimen
area. The flux which effused from this-Knudsen cell when it was heated 
was modulated by a chopper blade turned by the bakeable motor and the 
modulated beam was then incident on a screen at the centre of the system. 
This screen could be raised and lowered while the system was under 
vacuum and thus prevented the LEED-Auger grids from becoming coated with 
zinc from the zinc beam.
To increase the pumping speed of the system for zinc various liquid 
nitrogen cooled panels could be used. The liquid nitrogen is pumped 
through a copper vacuum-tight container inside the vacuum system. This 
container becomes cold and substances such as water and carbon dioxide 
as well as zinc, condense on the outside of it. The screen was screwed 
to a liquid-nitrogen cooled blocl^ and in addition the mass spectrometer 
was almost surrounded by a liquid nitrogen cooled panel in the side 
chamber. The specimen v/as moved out of the way for the pumping speed
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measurement so that the effect of the system only coul4 be measured.
The resolution of the massr.spectrometer was turned down so that 
the sensitivity was much greater, and the mass spectrometer v/as adjusted
to monitor continuously the height of the peak incorporating material
*{- - - 
v/ith masses -5 AMU-around^the main zinc peak at 64 AMU. Previous
experiments showed that there were no other masses near the zinc peak
to confuse the results. The spectrometer signal was adjusted by a
small time constant and an appropriate voltage offset, and v/as fed into
a small computer (Honeywell type 516) which was used as a signal averager.
The computer output v/as fed back to a storage oscilloscope to display 
the results which could then be permanently recorded on paper tape if 
required.
The effect of various amounts and positions-of liquid nitrogen 
cooling which could be introduced :nto the system v/as noted. -
Results and discussion
Some typical pulse shapes obtaineddby averaging with the computer 
are shown in Fig. 10. The pulse is of zinc which v/as reflected from the 
screen. First the presence of a long pumping time was investigated.
V/ith no liquid nitrogen cooling and a chopping period of 1.28sec (Fig*lOa) 
a good square wave v/as formed. There v/as, therefore, no evidence for 
a very long pumping time for the system. The chopping period was . 
shortened but very little change in the shape of the pulse v/as seen, and the 
pumping time v/as less than 4.8msec. V/hen the mass spectrometer chamber 
v/as cooled the time constant of the system v/as less than 1.5msec (Fig.lOb).
The zinc beam was found to condense completely- on a cooled surface since when the. 
screen v/as cooled the signal disappeared. The pdmping speed of the system 
with this extra-cooling is therefore*very fast.
During a thermal desorption run the configuratiOn of the system is 
somewhat different from t lie one investigated here. The zinc flux instead 
of coming from the furnace, comes directly from the specimen in the centre 
of the system. Since the pumping speed of the system is very fast,
and therefore the proportion of any beam hitting the walls of the chamber 
and being dgsorbedis very low, the thermal desorption experiment is 
probably less affected by the finite pumping speed than the measurement 
experiment is; V/hile measuring the pumping sp6efr the zinc flux can reach 
the spectraneter after one interaction with the screen and the limiting 
time constant may be related to the residence time of the zinc on the 
cooled screen, whereas during thermal desorption the zinc can pass either
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through the mass spectrometer directly or after two or more interactions 
with the walls# The non-direct zinc signal will therefore be very small.
Consequently the zinc desorpti.on spectrum will consist partly of the direct.
flux from the specimen and partly of the flux which has interacted two
or more times with the vacuum chamber walls and has found:'its way into
the mass spectrometer ioniser. V/ith the pumping’ speed of the system being 
so great, this additional signal will be negligible compared with the 
signal .from . the direct flux and the error in the shape of the desorption
spectrum will be extremely small.
4. Zinc on GaAs studies
4.1 Sticking coefficient of zinc on GaAs
Introduction
To interpret the results of the thermal desorption experiment it 
is necessary to be able to correlate each set of results with the 
corresponding coverage of zinc on the GaAs surface. No technique that 
would measure directly the surface coverage of zinc was available* but 
with a knowledge of the exposure of the surface to a zinc flux from a
Knudsen cell and of the sticking coefficient of zinc on GaAs, the surface
coverage may be calculated.
The method used here to measure the sticking coefficient of zinc 
on GaAs is derived from that used to measure the pumping speed for zinc.
For the sticking coefficient measurement howeyer, the modulated signal is 
reflected from the specimen at the centre of the system.rather than from the scree
The results were a little ill defined but lower and upper limits 
could be given for the sticking coefficient and the rise of sticking 
coefficient with coverage could be measured.
Method
The system arrangement used for this experiment is shown in Fig. 8.
The zinc furnace and the formation and modulation of the molecular
beam were as described in the previous section. The specimens were of the
same material and were cut and polished in the same way as for the
Auger spectroscopy experiments (Section 2.2). But this time the slices
were then gas polished in an AsClg-Ga-H^ system to remove 1-2p, of material
and an epitaxial film of GaAs, 5-lOjx thick, was grown on the slice in the
gas polishing apparatus. The specimens were put into the vacuum system,
the system was baked, and then the specimens were cleaned by heating to 
o
about 850 K for a few minutes. This modified method produced a cleaner 
specimen than by bromine-in-methanol polishing.
The screen behind the specimen was kept cold by the liquid nitrogen 
so that any of the zinc beam which missed the specimen should condense 
on the screen and take no further part in the experiment. The signal 
observed in the mass spectrometer is then wholly due to the specimen and the 
Specimen holder.
The specimen was cleaned by heating it to desorb any zinc or adsorbed 
gases. It was then cooled to room temperature and was exposed to . the 
modulated flux from the heated zinc furnace. A portion of the zinc beam
reflected by the specimen was measured by the mass spectrometer. The 
computer was again used as a signal averager to average the signal from 
the mass spectrometer. The sticking coefficient was measured by comparing 
this signal with one neasured when the specimen temperature was held 
over 770°K, when it was assumed that the sticking coefficient was zero.
When the specimen was at room temperature the modulated reflected 
signal was averaged over a few seconds, which meant that an average 
sticking coefficient was measured for a small range of exposure. The 
averaging equipment was then restarted to measure the coefficient 
over the next range of exposure.
The reflected signal was investigated for any change in shape as 
the specimen coverage increased. If the signal changed in shape this 
might imply that the residence time of -the zinc on the surface was 
changing and this would make the results much more difficult to interpret.
Finally, since the signal measured is reflected from both the specimen 
and the clips holding it, s6me estimation of the magnitude of the signal 
reflected from the clips was attempted. A pair of clips, cut short to 
show only that part of the clips which have line of sight of the incident 
flux, were put into the system with no specimen and the experiment was 
repeated.
The topographical form of the zinc deposit.was revealed by scanning 
electron microscopy. The specimen was taken out of the vacuum system 
after zinc had been deposited on it and it was then studied in the microscope.
Results and Discussions
Typical signals of the z^nc flux reflected from the specimen are
shown in Fig. 11. The upper signal is from the specimen at a temperature 
o
of about 770 K when all the signal is assumed to be reflected. The lower
signal is from the same specimen at room temperature with a coverage
16of about 2.7-3.6x10 atoms/sa cm • Although, in the range of the measurements,
the reflected signal height went down with coverage the peak shape did
\
not change significantly. The difference in height between the high 
temperature signal and the room temperature signal was found for various 
coverage ranges and the proportion which had stuck was calculated to give 
the sticking coefficient.
Fig. 12 shows the variation of the apparent sticking coefficient of
zinc on GaAs with zinc exposure calculated in this way, and assuming-all the
signal to come from the specimen alone.• . The coefficient seems, to
15vary from about 0.64, averaged overthe exposure range 0-4x10 atoms/sq cm# 
to about 0.8 at very high coverages where the curve seems to level out.
i* 25 m s-------------h
Fig.11a The reflected zinc signal from  
specimen at ~ 770 K
~  2 .75
^  2.60
2 5 m s
Fig.11b The reflected zinc signal from a 
specimen at room temperature with an 
exposure of 2 .7 -3 .6 x 1 0 16 atom s/cm 2
1.
0r
4r
I
I
I
I
i
I
I
CO CD ■ ^ C\J
o o  d  o
^ u s p i j j a o o  6uj>|oj^s
o
00
CV1
o E
CD u 
To
E
o o
o - g
IDv—
O v~" ^  x
0
O “5
” 8
CLXLl!
O
C\J
O
o
0
L_
3  L. 
t/> oo £!Q.x u  
0  0  
L.
JZ 0 
+f.T3-
v . w
Couc
0
U U) 0 *+- L_H—  -r
n  «
E S
*4—
.y o  +-^
0
cn^x 
n  dP  0  
>
0  0  CDQ-szQL 4—>
C
0L_O
O 0
0
JD
O
>o
S 0 0 
.y *d  o) 
+-> a.
o  to t. 
C  £- <D 
O  O  >
>  X) CJ
(D O ()
X X  £
I— I—
CM
oi
Ll
■Liztt xn xne vaiue 0 1 tne sticKing coefficient at low coverages is
probably more rapid and must be due to a number of different processes,
from the initial sticking of zinc on the surface to the beginning of the
growth of bulk zinc. Unfortunately any change at low coverages, below 
153 x 10 atcms/sq cm, could not be monitored by &ii.» method because of
the noise in the signal which is mainly caused by the statistics of the
ion counting. If the signal were averaged for a shorter time it would
be too noisy to make a valid measurement of the reflected beam intensity*
and if the furnace temperature were to be reduced to give a longer time
of averaging for the same exposurefthe signal would be too small.
So the measurement being made in this experiment is the sticking coefficient
of zinc on a composite Zinc/GaAs surface. Nevertheless even from an
15 ,exposure cf 3 x 10 atoms/sq cm upwards the sticking coefficient seems 
to be increasing.
The modulated signal detected by the mass spectrometer may have been
reflected not only by the specimen but also by the clips holding it.
This means that the sticking coefficient would appear to be lower than
it actually was. An estimate of the signal reflected from the clips was
made by repeating the experiment with the clips in position but with no
specimen. There seemed to be no variation in the sign,al reflected from
the clips alone, with exposure to the zinc beam, and the clip signal
could account for all the reflected signal at high zinc on GaAs coverages,
Nevertheless these results are only to be taken as* an indication of a
trend because of the experimental error in the signal and the difficulty .
of the experiment. So the sticking coefficient of zinc on a zinc-and-GaAs
15
surface from a coverage of 3x10 atoms/sq cm, rises with coverage, is 
certainly between 0.8 and 1 at high coverages, and may well be as high as 1, 
The terms coverage and exposure shalL be considered synonymous in this 
study, thereby assuming that the sticking coefficient is 1 in the range of 
exposure that we shall be considering but bearing in mind that the real 
coverage may well be smaller, especially at low exposures.
A scanning electron micrograph showing a zinc deposit on a hea.t-cleaned
16GaAs surface for a large exposure ("5x10 atoms/sq cm) is shown in Fig* 13b.
The upper part of the micrograph (Fig, 13a) shows the: appearance of the 
surface with no zinc, it can be seen that unlessthe deposit is changed by 
bringing it out of the vacuum system and putting it in the microscope, the 
zinc deposit on GaAs at room temperature is in the form of cap-shaped nuclei. 
If the nuclei are assumed to be hemispherical, the surface coverage can 
be estimated and also gives a sticking coefficient of about 0.8.
Fig-. 13a. GaAs specimen surface after 
heating to about 85CK*
Fig. 13b. The surface after a zinc 
exposure of about 5 x 10 
atoms/sq. cm.
Multilayer adsorption has recently been the subject of a theoretical paper 
on sticking coefficients (44) and a comparison of the theoretical, curves 
with the experimental curve here seem to imply that the residence time of 
zinc atoms on the GaAs surface is much shorter than the time for zinc 
atoms adsorbed onto zinc*
4.2 Auger Electron Spectroscopy of zinc on GaAs 
Introduction and Method
Auger electron spectroscopy was used during the z-inc desorption 
experiment to check that no zinc could be detected on the surface of the 
gallium arsenide specimen when the specimen temperature had got to the 
end of the ramp. It was also used to look at the effect on the Auger 
spectrum of various amounts of zinc on the surface.
The specimens were prepared in a similar way to those used for the ‘ 
sticking coefficient experiment: they were vapour polished and a thin
epitaxial film of GaAs was grown on the surface. The vacuum system was 
baked after the specimens had been put.into it.
Results and Discussion
Fig. 14a shavs part of the Auger spectrum taken with a retarding
opotential analyser of a specimen which had been heated to about 850 K
for 10 min to remove the oxygen from the surface. When the specimen had
received a deposit of zinc from the zinc furnace and had then been heated
to over 770°K the spectrum obtained was similar. Below this spectrum,Fig. 14b
15shows part of the spectrum from a sample with approximately 1.4 x 10 atoms/Sq. 
of zinc deposit. Fig. 15a again shows two spectra. One is .of GaAs with this 
small deposit of zinc and the othershows the spectrum obtained from GaAs with 
a larger zinc deposit. Both spectra were taken at glancing incidence.
It was unfortunate that the gallium, arsenic £42), and zinc (45) Auger
peaks were all very close together. The additional low energy peaks due 
to zinc were at 55, 59,. 75 and 109 volts.
The low energy peaks from the three elements therefore overlapped and
obscured the effect of the zinc deposit. Although the'high energy peaks
are more widely separated in energy they could not bemused as a more ' 
sensitive measure of the presence of the zinc, since the nibise at the higher 
energies for the retarding grid" analyser,, is larger than for the lower energies 
and for other analysers. Since the deposit was not spread evenly over the 
surface the sensitivity of the Auger ellectron spectroscopy to the zinc was 
further reduced. The sensitivity of Auger electron spectroscopy to zinc on 
GaAs is therefore much less than it would be under mere favourable
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conditions and it was not sensitive enough to be used to test whether zinc 
was left on the GaAs surface after desorption to about 770°K.
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4,3 Thermal desorption of zinc fron GaAs
4.31 Theory
Introduction
Thermal desorption spectra are produced when a solid is heated after 
it lias been exposed to a gas or vapour. The variation in the system 
pressure or partial pressures or in the flux from the surface is then 
recorded as a function of time. In this section some simple theory for 
the thermal desorption process will be described, together v/ith the wide 
range of information which may, in principle, be derived from the 
thermal desorption spectra. The theory has been well developed for simple 
desorption mechanisms with integral order kinetics and a linear or 
hyperbolic specimen heating function. The spectra provide information 
about the desorption process and, indirectly, about the adsorption sites 
available to a gas cr vapour on the surface of a solid. For very simple 
desorption systems much information may be derived: the number of 
different sites, the atom or molecule population for each site, the order 
of the desorption process, the desorption energies, and the preexponential 
term for desorption.
There was little quantitative work on thermal or flash desorption 
before 1953 when Smith and Aranoff (9) developed the theory by 
considering a linear specimen-temperature function with desorption kinetics 
depending on the surface concentration of the adsorbed species or on the 
square of the concentration,' and desorption into a constant volume or 
a volume with a leak into vacuum. Iliekmott and Ehrlich (1C) and Ehrlich (12) 
then continued the theory for zero pumping speed, a reciprocal heating 
function, and the measurement of the total pressure rise in the system. I.!ore 
recently consideration has been given to the effect of the dynamics of 
the vacuum system on the ideal situation. UcCarroll (46) simulated by 
computation the effect of various parameters on the ideal desorption curves.
The two extremes of zero pumping speed on the one hand and infinite 
pumping speed on the other are the easiest to work, with theoretically 
although neither is found in real experiments. An example of a system 
v/ith zero pupping speed is the desorption of a non condensable material 
into a closed system, and one of a system with infinite pumping speed is a 
condensable gas passing through the ioniser volume of a mass spectrometer. 
Since the approximation of infinite pumping speed is more appropriate to 
the study of a condensable vapour such as zinc> in a vacuum system with a 
high pumping speed, and with a mass spectrometer, it is this
extreme condition which will be considered in the following outline of 
the theory.
In considering the validity of the experiment it'will be necessary 
to consider the explicit and implicit assumptions in the theory and to 
compare these with the limitations of the experiment.
Theory
It is assumed here that the rate at which a desorption reaction 
proceeds is determined by an Arrhenius type cl equation. This assumption 
should be tested by isothermal experiments but these are often difficult 
to perform and were not attempted in the course of these experiments.
For a very simple desorption reaction the rate of desorption from 
unit surface area may be described by
-  “21
NCt) = dt - *
where?’n" is the surface coverage and,,Tl,is the residence time on the surface-, 
of the entity considered. The time’^ 'kmy be related to the temperature T 
by the equation:
x =.- -r exp(E/ET) o
where 3 is the energy of desorption and R is the gas constant. The rate 
at which a reaction proceeds at a particular temperature is then
-dn _ ri_ exp(-3/RT) 
dt 'Z 0
For a more complicated desorption reaction: (i) the desorption energy may 
depend on the coverage ,(ii) the coverage term "n" may be raised .to some .power ”x" , 
(the order of the reaction, )and (iii)the.preexponential term, m a y  not
be that simple expression, and may also depend on'coverage. This term 
is generalised’ by V(n). An equation of more general validity is then
N(t) = = Vx(n)nXexp(-S(n)/nT)
Assuming first that the preexponential term and the desorption 
energy are independent of coverage, and considering a linear change of 
sample temperature with time (T = ^  -f(Bt), the equation may be solved 
to give the temperature Tp at which the desorption rate is a maximum (the 
peal: temperature). Differentiating with respect to time and equating 
to zero for T = Tp gives :
2
E/RTp = V^exp(-S/RTp)/p for x = 1
and E/RTp2 = n V0exp(-E/RTp)/p for x = 2
O 2
v/here n is the initial coverage and n /n is 2 for the second order 
o o p
reaction (47).
For a simple first order reaction, that is for a first order reaction 
for v/hich the preexponential - term and the desorption energy do not vary 
with coverage, the peak temperature, Tp, is also independent c£ coverage. So 
provided that a value of V^ , can be found,the desorption energy can be
determined from a knov/ledge of Tp and p only, -ore simply, for
io12>v^/p>io8 (K*"1),
E/RTp = log CVbT /p)-3.64 to i 1.5% (47)
^ 1 p
If the t :mperature of the specimen is given by 1/T = (l/T ) -at, theno
the expressions for Tp are:
E/R =' V1exp (-E/RTp)/a for x = 1
and E/R = V0n exp (-E/RTp)/a for x = 2
2 o
Consider again a linear temperature rise for the specimen. For a first
order desorption, the desorption energy may be determined without
as sum in g a value for V by varying the heating rate p and by plotting 
2
log (Tp /p) against (1/Tp). The gradient gives the desorption energy and 
the rate constant nay then by found by substitution in the expression for^Tp,
As will become clear, this method is limited in its application for 
two main reasons, First, the main difficulty in the analysis is-to determine, 
with so^e confidence, the kinetic order of the desorption, especially 
if a number of peaks overlap or if a number of different processes occur 
during the desorption. Second, for reasonable accuracy, p must be varied’ 
by at least two orders of magnitude and it is often found difficult to 
achieve this experimentally.
In simple situations, therefore, the order o'f the desorption reaction 
may be determined from the behaviour of the peak temperature with coverage.
For a first order reaction v/ith a fixed desorption energy’, Tp does not change v/ith 
coverage. If the energy7 is higher, or if the heating rate is increased 
Tp is at a higher temperature. If V is larger, the temperature of 
the peak is lo//er and the v/idth of the curve is greater (46), If the 
temperature of the peal: decreases with increasing coverage the desorption . 
reaction may be second order with a fixed desorption energy or first order 
with a coverage dependent desorption energy. Furthermore, although other
curve orders have not been discussed here because they are more unusual, 
in the light of the results, it is worth mentioning that a peal: temperature 
which goes up with coverage may be an indication of a fractional order 
reaction.
The theoretical peak shape
A consideration of the peak shape is often used in the analysis of 
desorption curves. Redhead (47) gives, as the first order peak shape
where Np is the height of the curve at the peak and N is the height at T.
For the second order case:
and when (T/Tp) 1
All these expressions are for a linear temperature ramp.
Thermal resolution of desorption spectra
For first order desorption reactions and using the criterion that the 
minimum of the valley formed between two adjacent peaks of equal height 
should be 20% less than the composit peak height;
E. _ 0.91 - 1.8K- . . .l      20
-  3K
AS. .
where K = T Ve .£*1*5 x 10“ (48)
P i
The resolution therefore decreases as p increases and as E increases.
In fact it may be seen from experimental spectra that two adjacent peaks 
exist if one just forms a shoulder on thep other although in this case 
quantitative analysis would be virtually impossible.
Other factors such as the heating rate of the specimen and the J
pumping speed of the system also affect the overall resolution of the method.
A slow heating rate provides better resolution of multiple peaks but 
the peak heights are less and conversion between different desorption states 
may occur. .On the other hand, a fast heating rate tends to result in the 
overlapping of multiple peaks but the peak height sis greater and the 
amount of conversion between states will be smaller. A high pumping speed
reduces the height of the peaks if partial cr total pressures are measured 
but improves the resolution of multiple peaks. As the pumping: speed is 
reduced the peak shifts to a higher temperature and the most pronounced 
distortion is on the descending1 portion of the peak. If the flux desorbed 
from the surface is measured directly, for . instance by using a mass 
spectrometer, the pumping speed must be large to avoid the build up of 
a background gas in the system which would interfere with the peak shape.
The magnitude of the p uraping speed may affect the amount of readsorption 
during the desorption cycle. Readsorption is also affected by the 
populations of the various adsorbed species and the time duration of the 
desorption cycle. The amount of readsorption is usually very small unless 
the pumping speed is very slow and the desorption cycle long.
The thermal desorption technique is still being given theoretical ' 
consideration but the demands made of the experiment are often beyond its 
present capabilities (49, 50).
The ideal experimental conditions assumed
There are vaious assumptions made in the theory v/hich, if they are 
not true, would have the effect of broadening or otherwise distorting 
the desorption spectra. These various assumptions need to be bom in 
mind during, the design of the experiment and in the analysis of the 
results to eliminate as many ambiguities as possible.
The temperature of the specimen is assumed .to be uniform along its 
length and to rise in a known manner. The deposit of adsorbed material is 
assumed to be of a known and uniform coverage^-and to be lost only by desorption. 
Other assumptions are that the desorption arises from the sample onl2/ , 
only known species are being measured to give the desorption spectrum, and 
the pumping speed of the system is infinite.
4.32 Method 
Summary of experiment
The thermal desorption experiment consists of the adsorption or 
deposition of some material from the gas or vapour onto a solid surface 
and the subsequent heating of the substrate while monitoring the 
desorbed products. For the experiment described here, zinc is deposited 
from a Knudsen cell onto a clean single crystal of gallium arsenide.
A mask prevents any deposition on the specimen dips .and a chopper blade 
reflects part of the zinc beam into the mass spectrometer so that the 
mass spectrometer can be tuned to one of the zinc isotopes. When the 
required exposure to the zinc beam has occurred the furnace is 
allowed to cool so that the background pressure cf zinc becomes extremely 
small. Various liquid nitrogen cooled panels are used to increase the 
pumping speed for zinc and to lower the pressure of the background gas in 
the systen. The tenperature of the specimen is then raised linearly 
with time,while a two-pen recorder monitors the output from the specimen 
thermocouple and the output from the mass spectrometer. The temperature­
time function and the mass spectrometer output are combined to give the 
mass spectrometer output against temperaturerthe desorption spectrum.
Experimental arrangement
The arrangement of the vacuum system for the thermal desorption 
experiment (Fig. 16) was similar to the arrangement used for the previous 
experiments. The specimen was held in the centre of the system and could 
be rotated so that during deposition it faced :the zinc furnace and during 
desorption it faced the mass spectrometer. The chopper was placed between 
the specimen and the mass spectrometer, not only to enable the desorbing flux 
to be modulated if it was found to be necessary, but also to intercept part 
of the zinc flux from the furnace during deposition and to reflect it into the 
mass spectrometer chamber. This enabled the mass spectrometer to be tuned 
in to one of the zinc peaks. With the specimen having line of sight of 
the ioniser the zinc could be detected in a single passage through :jthe. ion  ^
source of the mass spectrometer set up in the cross-beam mode.
Specimen heating
The specimens were again the silicon-doped n-type crystals cut into 
slices with a diamond saw parallel to a '{lOOj} plane. Each had an 
epitaxial layer of GaAs grown on it and was cleaned by heating in the 
vacuum system at about 850°K for some minutes.
4 grid  Leed/Auger optics
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Fig. 16 A rrangem ent fo r  zinc 
desorp tion  experim ent
During1 the experiment the crystal is held at the centre of the 
system by a specimen holder ( VG type UMD2) wfrich provides movement 
in three perpendicular directions, rotation in the horizontal plane by 
-180° and rotation in the vertical plane by 90°, The specimen is held 
from the specimen holder in molybdenum clips on tantalum supports (Fig’. 17).
Thin platinum foil was placed between the clips and the specimen to 
lower the resistance at the contacts.. This also has the effect of making 
the contact more reproducible than if no foil is used and since most of. the 
power loss is at the high resistance contacts at the ends of the. specimen 
the GaAs heating curves were also more reproducible. . . «
The specimen temperature was measured by a chromel-alumel thermocouple, 
threaded through a hole of 0.5mm diameter drilled ultrasonically through 
the specimen. (Fig. 17). The sample temperature could be kept constant 
to -2°\{ and the measured thermocouple: response was greater than 160°/sec.
The specimen was heated by passing a current throu^i it from a 
Coutant type LB1000.2 power supply which was controlled, in the constant 
current mode,by a switching circuit. This worked by switching in various 
potentiometers to control the Contant power supply output, and, by 
raising the current in a series of steps, the desired temperature-time specimen 
ramp function could be obtained (Appendix 2). Sirce for certain temperature­
time functionsthe mathematical analysis becomes much easier, as shown in . 
section 4.31, these were the functions considered. A linear ramp was chosen 
in preference to the others since this was the easiest to check while 
the specimen was actually being heated. An example of the temperature ramp 
used is shown in Fig. 33.
There were two problems associated with the heating of the specimens.
The first was that the specimen temperature was not uniform along the 
length of the sample while it was heated. The specimen
temperature was fairly uniform along its central portion where the total 
variation was certainly less than 10 K (neasured by colour difference and by 
an IRCON infrared radiation pyrometer^ ' However the ends of the specimen, 
where they were held in the clips, became rather warmer. The other problem 
was that the clips holding the specimen (Fig. 17) also heated up as the 
specimen temperature was raised. This was tested by turning the specimen 
round so that the IRCON could be focussed through the window onto the back 
of one of the clips (Fig 18). While the substratewas linearly heated,
readings of the IRCON output were taken at 5 sec intervals with the
n o .
emissivity set at 0.7. When the specimen was heated to about .830 K at 16 /sec
o .
the clip, temperature rose to about 520K at about . 4.5 /sec
Since the ends of the specimen were hotter than the centre and the
Thin Pt fo il
1 m r n y \
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insu la to r
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/
mm
Thermocouple
junction
Fig. 17 Schematic diagram of th e  specimen holder 
and the specimen therm ocouple  position
Back of Ta support
IRCON fie ld of v iew
Back of specimen
Fig. 18 Arrangem ent of specimen fo r  measuring 
the heating up of the  clips
specimen clips were cooler, the zinc desorbing1 from these parts would give 
rise to spurious desorption peaks and a broadening of the non-spurious 
peaks. The results would become rather ambiguous. This problem was
avoided by using a moveable mask during zinc deposition so that the zinc
was deposited only on the centre portion of'the specimen and not on the ends
of the specimen or on the clips.
v  ■ • -
Zinc deposition
During the thermal desorption experiment the screen was raised in 
front of the Auger grids to shield them from the zinc vapour. The zinc 
was deposited onto the specimen from a Knudsen cell in the arrangement 
as shown in Fig. 9,, . To deposit the zinc on the GaAs crystal surface, 
the furnace was heated, the.mask was moved into position, and the 
specimen was turned to face the furnace aperture. The chopper blade 
was turned so that it was closed between the specimen and the mass 
spectrometer and was open between the specimen and the furnace. The pen 
recorder was switched on to record the temperature of the zinc cell vfoile 
the zinc was being deposited, so that, knowing the value for the equilibrium 
vapour pressure inside the cell and the geometrical factors relating that 
to the flux at the specimen, the total exposure.of the specimen to the zinc 
flux could be calculated.
On the first run of each day the furnace was taken to a high enough 
temperature, usually about 650°K, so that the zinc spectrum from the mass 
spectrometer was large enough to be seen easily on the oscilloscope. The 
spectrometer was tuned into a zinc isotope and either monitored the height 
of that isotope peak,or was slightly detuned to incorporate more of the zinc 
isotopes in the output signal. During the day the tuning was checked from 
time to time but the tuning position remained stable as long as the room 
temperature was not too high. At the end of depositon the temperature of the 
zinc furnace was reduced until the flux from the furnace was very small.
Zinc desorption
When the zinc furnace had cooled sufficiently the liquid nitrogen 
cooling to the maes spectrometer chamber was topped up, the mask was 
moved out of the way, and the specimen was rotated to face the mass spectrometer 
ioniser. The chopper blade was turned so that there was a line of sight 
available between the specimen and the ioniser# and the pen recorder 
connections were changed to record the height of the zinc peak simultaneously 
with the specimen temperature.
The specimen heater (see Appendix 2) was switched to the AUTO mode 
and the temperature of the specimen was . raised approximately linearly 
while the pen-recorder recorded the zinc desorption spectrum and the output 
from the specimen thermocouple.
Other methods 'of recording the spectrum were considered. Phase 
sensitive detection is a widely used method for separating a signal 
from the accompanying noise especially, as has been shown, the beam from 
the background in a vacuum system. Jn this case, the background of
zinc was so low because of the high pumping speed that it was decided that any 
advantage gained in this respect would have probably been offset by the 
investigation needed to determine whether the PSD was suitable for this 
application.
The use of a computer for real time signal averaging seemed at first to be 
a promising application but it -ftas found that, to avoid much change in the 
shape of the curve, the chopper would have had to go very much faster 
and any advantage to be obtained did not justify the increasing compli- * 
cation of the experimental arrangement and of the processing of the raw data.
Discussion of the theoretical conditions and the experimental limitations
Before any analysis can be carried out on the results it is 
important to consider the relationship between the assumptions of the 
theory and the real experiment. If the conditions which are assumed by 
the theory are not true in the experiment then the measurement will be 
a distort! on of the required information and if the distortion is great 
any analysis will be virtually ijieaningless. The experimental conditions 
'assumed by the theory have been mentioned in section 4.31. These will 
be discussed in more detail now that the experimental conditions are kno./n.
The temperature of the specimen was assumed to bo uniform along its 
length and to rise in a known manner during desorption. The temperature of 
the specimen was not uniform along its whole length: the ends of the specimen,
at the high resistance contacts, became rather hotter. The temperature 
variation of the zinc deposit was reduced by masking the ends of the 
specimen and depositing zinc only on the central portion. The temperature 
variation was then less than 1QC. The specimen temperature was measured 
at the centre of the bar by a thermocouple in a hole right through the 
specimen. Since the thermocouple junction was at the centre of this hole 
it was almost surrounded by the crystal and could be expected to measure
the temperature fairly accurately. The speed of response of the junction 
was greater than 160°/sec so the thermocouple should follow easily changes 
of 15°/sec, v/hich were used for the experiments reported here. A typical 
heating curve for the specimen (Fig 33) shows a good approximation to the 
intended straight line. Small deviations from an intended curve seem to 
make little difference to the shape of the desorption spectrum.
The zinc deposit on the surface of the specimen is assumed to be of a 
known and uniform coverage. Scanning electron microscopy of zinc deposited, 
with no mask, on a clean specimen showed that the deposit appeared to be 
uniform across the whole surface of the specimen. The actual value for 
the coverage was more difficult to determine. T'-e sticking coefficient 
was found to vary with coverage and the coefficient at high coverages was 
ill defined. For this experiment the coverage was defined as being 
numerically equal to the exposure.
To be able to relate the exposure to the area under the desorption 
peak it is assumed that the adsorbed material is lost from the surface only 
by desorption. That is, any surface or bulk diffusion is ignored. The 
sample is large and the temperatures reached during desorption are not 
high so surface diffusion away from the desorbing area is probably negligible. 
Some experiments have been carried out to study the diffusion of zinc 
in GaAs but the experimental conditions have usually not been appropriate 
to this.study. Cunnell and Gooch (51), Kogan et al (52), and Tuck and Kadhim (53) 
looked at zinc diffusion in GaAs in the temperature range 1170K upwards 
which is well above the congruent evaporation region for GaAs. They diffused 
zinc in from the vapour in a closed ampule, with an arsenic overpressure.
The rate of diffusion was found to vary very strongly with zinc coverage 
but the conditions were very far from those of the thermal desorption 
experiment. Goldstein (54), on the other hand, reported a diffusion experiment 
at temperatures below 1070K when the diffusion source was a thin electroplated 
layer of zinc less than 1 micron thick. In this case simple diffusion 
occured with no apparent dependence on zinc concentration. The diffusion 
rate at say 600K would, from his results, be very small although some 
zinc atoms may penetrate the surface a little way.
Another difficulty may arise in the desorption experiment if desorption 
occurs not only from the specimen but also from the clips or other parts of 
the system. These other desorptions are prevented by placing a mask in 
front of the specimen during deposition. The zinc is then deposited
on the sample, the mask, and on the cooled screen. The mask is moved av/ay 
from the specimen during desorption and the screen will not receive enough 
heat from the sample for desorption to occur from it.
The use of a mass spectrometer to measure the desorption spectrum allows 
any ambiguity over the nature of the species included in the spectra to 
be eliminated. The spectrometer is set up, for the desorption, to measure 
only one or more of the isotopes of sine.
For the analysis of the spectra it is assumed that the pumping speed 
of the vacuum system is infinite. The mass spectrometer signal due to zinc 
consists of the direct flux from the specimen and the background pressure 
of zinc in the vacuum chamber. The pumping speed of the vacuum chamber for 
zinc has been found tc be very large and, since any background zinc reaching 
the mass spectrometer ioniser only does so after two or more interactions 'with 
the stainless steel chamber v/alls at room temperature, the background 
pressure of zinc measured by the mass spectrometer must be very small.
The error in the desorption spectrum will certainly be very small compared 
with, for example, the temperature variation of the sample.
It seems then that the system of zinc on GaAs affords a reasonably 
close approximation to the ideal conditions assumed in the theory. 
Unfortunately the GaAs and the measuring systems impose limitations on the 
range and sensitivity of the experiment.
The various constraints applied both by the GaAs and by the measuring 
system may be discussed here in the light of the information given in the 
theory and experimental method sections. The limit of congruent evaporation
of GaAs imposed a severe constraint on the system : if the crystal is
o .
heated above about 900 K, arsenic is preferentially evaporated from the
surface and liquid gallium is left on it. So, to maintain a GaAs surface with
a reasonably constant composition from one desorption run to ti e next,
without replacing the specimen each time, it was necessary to limit the
highest temperature reached b}r the specimen to a temperature below 900°K
This had two effects : the highest -temperature, the spec5.men could usefully
reach was limited and also the rate of the temperature rise of the specimen
had to be limited so that the chance of this limiting temperature being
exceeded was.minimal.
38
. These temperature limitations limited the range of thermal desorption 
experiments which could be carried out. The desorption reactions which 
could be studied were limited, for the first order desorption mechanisms, 
to those with a desorption energy of less than about 53 kcal/nole. The
limit of sensitivity of the measuring apparatus at moderate heating rates
o 1 2
( 10 /sec) was a Surface coverage of about 5 x 10 atoms/sq cm. This limit
could not be reduced by Auger electron spectroscopy since the maximum
13sensitivity of this method is only about 1 x 1 0  atoms/sq cm. and the ziuc
* z
Auger peaks, overlapping with the gallium and arsenic peaks, were difficult 
to measure even at higher coverages.
4,33 Results
The cleanest gallium arsenide specimens used for the thermal desorption 
experiment had a small amount of carbon contamination on the surface.
Some other samples tested had a little oxygen as well, A £lOC^ surface 
was used throughout.
For the clean gallium arsenide samples, the position and shape of
the zinc desorption spectrum as a function of coverage are shown in Fig. 19,
The spectrum basically consists of one main peak at a relatively low
temperature and one or more smaller peaks at higher temperatures. The
heating rate was about 15°/sec, The higher temperature subsidiary peaks
seem to be related to the lower temperature peaks because the relative
positions of the two peaks seem to remain approximately the same regardless
of the coverage. Fig. 19 shows the thermal desorption spectra for a
14range of coverages, from about 4 x 10 atoms/sq cm for No,4 to about 
171.4 x 10 atoms/sq cm for No.11. The curve labels give the order in 
which the spectra were collected-and.Table 1  gives the exposures.
At low coverages and for the first few desorption runs (Fig. 20) the
desorption rate for a large proportion of the rising part of each curve
is independent of coverage and depends only on temperature. The peak
temperature moves upward with increasing coverage. This portion of the
interaction of zinc with GaAs seems to be quite reversible and stable since
the results were not obtained in order of increasing coverage. The peak
temperature moved from less than 393&. at a coverage of about 4 x 1 0 ^
16
atoms/sq cm (No .4) to about 458k at a coverage of about -2 x 10 atoms/ 
sq cm (No .6 ),
As the initial coverages of the runs are increased or as the number?" of 
runs increases the whole peak seems to move gradually to a different position 
(Fig. 19) and then to maintain the desorption rate in a similar manner 
as before but at a higher intensity. The desorption rate is then about 
seven times the rate for the first desorption runs. If a run 
is carried out at a lower coverage again, the desorption rate then follows, 
not the original low coverage curve, but the high coverage curve (Fig 21).
The peak temperature then varies from about 4ldfc at 8 x lO^atoms/sq cm 
coverage to about 453<[t at 1.4 x 1 0  atoms/sq. cm. The surface of the 
gallium arsenide seems therefore to have been permanently changed.
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1
2
3
4
5
6
7
8 
9
1 0
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7.6 x
3.9 x
1.9 x 
4.04x 
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3.0 x 
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1.39x
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15
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15 
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16 
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16 
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1 0
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15
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before each numbered desorption run.
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Fig*. 22 shotfs the growth .t>f the low temperature zinc peaks with 
exposure. The area under the peak (ignoring diffusion) is proportional 
to the coverage, while the exposure is calculated from the time of 
exposure to a furnace at a certain temperature. The coverage appears
to be proportional to exposure but the sticking coefficient appears to
lfihave changed above an exposure of about .:3 .x 10 atoms/sq cm. Tnat this 
graph is more or less a straight line implies that the variation in the 
sensitivity of the mass spectrometer cannot account for the great change 
in desorption rate as the number of runs increases.
On specimens which showed an oxygen Auger peak in addition to the
small carbon Auger peak, the zinc desorption spectrum had a small peak
o
at a relatively high temperature. This peak occurred at about 800 K at
o ,
a heating rate of about 15 /sec. If this peak were first order this
would correspond to an energy of desorption of about 50 kcal/mole. The
13total number of adsorbed atoms in this state was less than 1 x 1 0 atoms/ 
sq cm and the state was already filled at the limit of sensitivity of the 
apparatus. This, as well as the noisiness of the signal, made it impossible 
to determine the order for the desorption reaction. In all cases the 
presence of this peak could be correlated with the presence of an oxygen 
signal on the Auger spectrum and although it may not actually be associated 
with oxygen no sign of the peak was visible on an oxygen-free surface.
Some zinc desorption spectra were taken from a contaminated surface. 
These spectra were often not very reproducible and showed many peaks.
Up to about 700K the peak temperatures for a heating rate of 10°/sec 
were about 380, 395, 416, 445, 477, 512, 523, 566, . . ■ . ; . .
615, and about 667K. Each value has an error of about -8K.
As the coverage increased the lower temperature peaks disappeared so that, 
at the highest coverages, the lowest peak was at about 477K.
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4.34 Discussion 
Introduction
The first part of this section will-be an outline of the results 
for some metal-semiconductor systems which have been studied recently 
by thermal desorption methods. This wi11 provide some information 
on the nature and depth of the knowledge already available. The possible 
analyses of the main low temperature peak will be studied in some 
detail starting* with simpler analyses and progressing to more basic ones,
The results obtained will be associated with possible physical models — 
and reasons for differences between different zinc-GaAs desorption 
behaviour will be suggested.
At the end of the section the results for the contaminated GaAs and 
the small high temperature peak will be discussed.
Results from other metal-semiconductor systems
There have been very few applications of thermal desorption and 
molecular beam techniques to the study, of metal-semiconductor systems.
Some recent studies are discussed here. The different presentations vary 
greatly in their depth and clarity and this makes comparisons difficult 
although an outline of the results obtained may be useful. The recent 
publications have been on indium on silicon (24,25,26), cadmium on 
germanium (27,28), zinc on germanium (29), and zinc on gallium arsenide (30).
The indium-silicon studies (24,25,26) were carried out on the (111) 
silicon surface. The results from surface lifetime measurements and from 
thermal desorption spectra agree well to give a desorption energy, at about 
one tenth of a monolayer coverage, of about 59kcal/mole. This is more - 
or less equal to the heat of evaporation of indium. The sticking 
coefficient is given as one. At higher coverages a second surface lifetime 
appears which is smaller than the one for low coverages. The desorption 
curve moves to lower temperatures as the initial coverage is increased 
but still maintains a first order shape. The correlation between the 
surface lifetime measurement and the thermal desorption spectra is 
pleasing but the sj'stem appears to be rather different from the z-jnc 
GaAs system studied here in that the desorption curves nuve to a o^;/er 
temperature as the initial coverage is increased.
The cadmium on germanium study (27,28) was carried out on a variety 
of surfaces and with a variety of methods but lacked depth. For Ga doped 
Ge (111) two adsorption states were seen and for (ill) Ge two clear desorption 
states are shown with energies of 25.5 and 27 kcal/mole if first order
kinetic models are assumed. One adsorption peak is see;: for Ge (ICO). 
Extremely broad desorption spectra are seen for cadmium on the (211) 
and (331) surfaces. The analysis of these latter peaks was carried out 
assuming that each peak corresponded to a single first order desorption 
mechanism, and a desorption energy was assigned to each peak. Further 
analysis of these Energiesr was .attempted by plotting than against 
coverage. This sort of analysis is misleading since the peaks shown certainly 
do not correspond to first order desorption.
The zinc-germanium system was studied by adsorption transients and 
thermal desorption. The zinc desorption spectrum from the Ge (1 0 0 ) surface 
showed five peaks but no analysis was attempted.
^or the. zinc-GaAs study by Arthur (30) the gallium arsenide crystal
was cleaned by argon ion bombardment, annealed, and a fresh surface was
o
prepared by the growth of 1C0-2C0A of gallium arsenide on the prepared
surface. The gallium arsenide surfaces used by Arthur were probably
rather cleaner than those used in the present study. The zinc-GaAs system
was studied by condensation coefficient measurements and by thermal
desorption. The measured condensation coefficient.was less than one at
zero, coverage, decreased to a minimum value and then slowly rose again.
In this respect the two zinc-GaAs studies may bo similar in that it was
found in this study that at moderatly high coverages the sticking coefficient
was rising although it was not possible to look at the variation in
the sticking coefficient at low coverages. It is..not clear whether the
desorption spectra shown in;Arthur’s report are for the -(ICO) or the:Cl-1 1 )
surface but they are similar in character to the results obtained for the
low coverages in this study c(Fig.; 20) c the 'Initial -desorption irate-^does not
depend on the initial coverage and the peak .temperature moves up with > h-.
increasing coverage. An Arrhenius plot--of the thermal-desorption data gives
a desorption energy almost indistinguishable from the heat of vaporisation
of pure zinc. The desorptionpenergy Was. fifdependent of initial covefage 
14from 1 x 10 atoms/sq^:qm..torsaveralj.-monolayers. In addition, a..small
high temperature desorption peak was observed. The maximum occupancy was
13 '*
1-2x1 Qs- atoms/sq. cm and the desorption energy was ;37-»39l kcalAi'olefis Tii-i%
peak was not the same as the one associated with oxygen Unithe"1 'prbsent-
study since it appeared at a rather lower temperature. -Arthur’s zinc films
were deposited epitaxiallyuwiih the (OCX)!) Zn face'parallel to x (111); and (100)
substrate planes and the < 0 1 1 0  zinc direction parallel -to .the <DltT> direction
on the GaAs crystal.
Analysis of the main low temperature peak
. The results which have been obtained from the thermal desorption 
of zinc from gallium arsenide in this study have given rise to 
complicated spectra. This may be because a number of different processes 
are going on during adsorption and desorption, .Nevert lie less, in view 
of the very simple analyses v/hich have previously been applied to a 
variety of systems by a variety of authors, it may be interesting to 
consider, in some detail, the various analyses in general use, starting 
from the simplest, and to p.oint out the possible ambiguities and difficulties 
which may arise from a too simple approach to the problem.
Let us first go back to the general rate equation and see hav an 
analysis c£ the results may give some information about the variables 
involved in the desorption process. The form of rate equation v/hich is most 
usually assumed to be valid is the Pola.nyi-Y/igner rate equation:
=V (n)nXexp(-S(h)/RT) dt x
The desorption rate, ( is assumed to depend on the surface
coverage Cn) tossome power (x), an exponential term involving the energy 
(E), and a preexponential frequency factor (V). The order of the desorption 
reaction is"xy and V and E may in fact be sane function of coverage even 
though they are often assumed to be constants. Ideally, it is necessary 
to prove the validity of the assumption for the particular system to be 
studied before using it,-but this is rarely done because of the 
difficulty of the isothermal experiment and it has not been attempted in 
this particular study.
The first order, desorption process is the most simple in that a 
knowledge of the heating rate c£ the sample and the peal; temperature of 
the desorption spectrum only, allows a desorption energy to be assigned 
to the peak. In many cases the temptation to assume simple first order 
kinetics for the desorption process is very great, especially if no
further analysis is to be done. If the desorption spectrum consists of
a number of overlapping peaks it may be impossible to determine the orders 
of the reactions, but in this case the assumption of first order needs 
to be stated and no further analysis can be done. The assignment of numbers
to a process may be superficially rewarding but it is often taken to
extremes when the assumption of first order kinetics is obviously not valid 
(27). Further analysis is then misleading and much original information 
about the phenomenon is ignored.
Considering now the spectra shown in Figs 19 and 20, the movement 
of the temperature of the maximum of the peak (the peak temperature) 
with coverage should indicate the order of the desorption reaction. The 
theoiy already given has shown that for a first order reaction, and when the 
desorption energy does not vary with coverage»the peak temperature 
remains constant.with coverage. For a simple second order reactiony the 
peak temperature goes down with coverage. A consideration of the 
desorption spectra, even just those at the lowest coverages (Fig. 20)* shows 
that the desorption giving rise to this peak is neither simple first order
nor second order. For the low coverage zinc peaks, the peak temperature
o 15
goes up from about 361 K at an exposure of about 1.5 x 10 atoms/sq. cm
to about 458°K at an exposure of about 2 x 10*^ atcms/sq cm. A kinetic order 
between 0  and 1 produces an r'.upward movement . in peak temperature but 
such an order would be rather unusual. The situation is therfore not 
straightforward and a number of different approaches to the analysis will 
be considered.
In analysing the results it was important first to determine whether
the peak was in fact a sum of overlapping peaks.- If this were so it would
have limited the depth of the analysis since each peak temperature and
height woGld be rather difficult to determine. The movement of the peak
temperature at lower coverages could be explained by imagining a loosely
bound initial layer of zinc on the surface which when it was present could
then provide states of higher binding energy for subsequent layers. The
zinc would then appear to fill first the lower desorption energy states
and then those of higher energy and the peak temperature would move upward/
Since the experimental curve seemed to have no subsidiary peaks or
inflexions which might correspond to other gdded curves a computer was used
to sum simple theoretical first order curves and to compare the result/with a
single first order curve to see how sensitive the curve shape.-was to the
presence of a small proportion ctf a different desorption state at a different
energy. Fig. 23 shows some examples. The sum of two peaks 40° apart,
which corresponds in this temperature range to a difference between the
peaks of about 2.5 kcal/mole, and with relative peak heights 1 and ,0.4, shows
a very clear change in shape (Fig. 23a). Even when the peak heights
are changed to 1 and 0.2 this is still noticable (Fig 23b). Y/hen the
o
difference in peak temperatures is reduced to 2 0  , or about 1 . 3  kcal/mole, 
and the peaks are the same height, the change in shape is less noticeable 
It can then be seen that any second state would have to be very close in 
energy to the first and would have to be only a small proportion of the 
density of the first for its presence not to be noticeable in the experimental 
curve.
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A popular method of analysis is the fitting- of simple theoretical
curves to the experimental results. The expressions derived by
Redhead (47) for the shapes of first and second order curves have been
given in section 4.31. Although the curves here are known not to be
first or second order from the movement of the peak temperature it is
interesting to see hav sensitive the curve fitting is to the mechanism
of the process. Fig. 24 shows the fit of a first order curve &o an
16experimental curve for an exposure of about 1.45x10 atoms/sq cm and a
heating rate of 1.8°/sec. The curves are normalised, the pre-.exponential
13factor was assumed to be 1 0 /sec, and the only parameter fitted was the 
energy, E, v/hich was found to be about 28.3kcal/mole. The first order 
curve appears to fit very well to the experimental results, and . bearing in 
mind the evaporation energy of zinc - 30.8 kcal/mole (43), the first order 
energy also seems to fit well to the experiment. However when a fit is 
made to a curve for a higher initial coverage and a faster heating rate . 
(Fig 25) the fit is not so good. The most marked discrepancy is the 
significant desorption rate at lav temperatures.
A further investigation into the sensitivity of curve fitting to the 
mechanism; of desorption was carried out by simulation of a simple 
desorption process with a computer. Since, as has been shown in Fig 13, the 
zinc deposit had the form of a number of nuclei, the model was based on this. 
The program assumed that the deposit was in the form of hemispherical cap- 
shaped nuclei of equal size and evenly distributed. The atoms available 
for evaporation are those on the outer surface of the nuclei, and the 
desorption rate at any temperature depends on the surface area of the 
nuclei, and the temperature, with the desorption energy being 25 kcal/mole. 
The desorption rate varies as the■temperature increases and as the nuclei 
became smaller. Fig. 26 shows the comparison between the evaporation model 
and a first order fit to the curve. The shape of the curve is remarkably 
insensitive to the kinetics of the desorption process. Furthermore the 
presence of noise and of experimental errors would mean that various 
theoretical models could not be distinguished by the accuracy of the fit 
to the experimental results. McCarroll (46) investigated the effect on 
the curve shape of the presence of a vacuum chamber with finite pumping 
speed and showed some attempts at curve fitting which also produced 
ambiguous results.
It has been clearly shown then, that''3he fit to various curve
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shapes is so insensitive to the type of mechanism assumed, that as much 
subsidiary information as possible should be considered before a mechanism 
for desorption is.proposed. It is vital, for instance, to look at 
the desorption spectra for a number of different coverages since*whereas 
one may be able to fit a curve shape to a spectrum at one particular 
coverage, any movement of the curve will provide further clues as to the 
validity of the mechanism assumed.
A similar conclusion was arrived at by Pisanf et al (55) by studying . 
a different but well known system. Thermal desorption spectra of nitrogen 
chenisorbed on tungsten were examined in order to discriminate between, two 
simple alternative kinetic models for the desorption process. T? e p0 
desorption was considered a second order process while the desorption was 
considered either first order or second order. They found that it was 
impossible to distinguish between the two models by the thermal desorption 
process alone: both models gave an excellent fit to the experimental 
curve-while assigning quite different occupancies to the and p0
component states.
Some of the proposed analyses depend not on fitting the /hole
experimental curve but on plotting certain combinations of variables. Recent
papers by Loid and Kittelberger (49) and Chen (56) suggested finding
x— 1 2xthe order of desorption by plotting log (I T " ) aaainst 1/Tm wherde m m
Tm is the peak temperature, Im is the peak desorption rate, anc?,x’lis the 
order of the desorption reaction. It is suggested that this plot should 
yield a straight line.if the order is chosen correctly. To investigate 
the sensitivity of this plot to the order of the reaction)the zinc thermal 
desorption results were plotted for various "'values of1^ 1.1 All plots gave 
good fits to a straight line for the results discussed.
Having found no unambiguous analysis of these results from the shape 
of the curve, the movement of the peak temperature, or more complicated 
plotting, let us consider again the basic equation:
"“T =V (n)nXexp(-H(n)/RT) dt x
For the initial portion of the desorption curve, where the surface 
coverage is not changing significantly, and for fairly small' reaction orders, 
the desorption rate will be approximately proportional to the exponential 
term. So if the first portion of a desorption curve is plotted as an 
Arrhenius type of graph the gradient will be proportional to ~Z/k. The
range of validity of this approach was tested by plotting an Arrhenius 
graph for a theoretical first order curve. The plot is shown in.
Fig. 27 and this shows that for a first order reaction this analysis gives 
a fairly accurate result if the first 30% of the total peak height is 
used. If the reaction order is less than one the desorption curve can be 
expected to follcw the experimental curve for longer.
This approach is useful as a check or to give a start in the analysis.
It gave a useful clue to the desorption mechanism of the zinc deposit.
Fig. 23 shows an Arrhenius plot for the curve No. G in Fig. 20 for an
-LGexposure of about 2x10 atcns/sq cm. Fig. 29 shows a similar plot for
17
the curve No. 11 in Fig. 21 which is for an exposure of 1.4 x 10 atoms/so cm. 
The energies obtained from the gradients of these graphs and similar ones for 
other curves show that the initial desorption energy for curve'-'-No. 6 was 
about 17 kcal/mole, for curve 11 about 16.5 kcal/mole aid for curve 1 2  
again about 17 kcal/mole.
From Fig 20 it can be seen that the initial portion of each curve,
except perhaps of No 4, is essentially the same, and will therefore give
the same initial desorption energy. Similarly Fig 2 1 shows that the same
desorption energy applies to this set of curves. So the desorption energy is
15 1716-17 kcal/mole over a range of coverage from 5 x 10 to 1.4 x 10 
atoms/sq cm, even though the desorption rate changes greatly from one set 
of curves to the other.
Consider again the rate equation: . •
”dt ~ V(n)nXexp(-E(n)/RT)
and the desorption curves at lower coverages (Fig 20). For a large portion 
of these desorption curves the desorption rate varies only with the 
temperature. The desorption energy for this region of coverage has- been 
shown to be constant, so if V does not vary with coverage the coverage 
term nX does not vary with coverage. For adsorption of not more than a 
monolayer the 1 coverage1 fn*is not usually ambiguous but for multilayer 
adsorption the term *n *may be more usefully thought of as the number of 
atoms available for desorption rather than the number of atoms adsorbed 
per unit area. The factors V and the exponential give the probability 
for desorption of the available atoms or molecules fn.*
The problem now is to devise a model for the zinc deposit for which 
the number of atoms available for desorption does not vary for a large 
variation in the volume of the total deposit. For instance one model may 
be a smooth multilayer deposit, whici} if it is evaporated from the surface 
in monolayers, will present approximately the same number of atoms in the 
top layer until only a few monolayers are left. The desorption
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energy in this case might be expected to be near to the heat of 
evaporation of the adsorbate. There is some evidence to suggest that the 
deposits of zinc on these GaAs surfaces are in the form of discrete 
cap-shaped nuclei (Fig 13). It could be supposed that the atoms which are 
available for desorption are those, possibly less strongly held, around 
the bases of the nuclei, and,with large coverages, coalescence and 
movement of atoms between the nuclei may maintain an approximately 
constant basal circumference for some time. The peak temperature may then 
move up with coverage because for a larger coverage the appropriate • 
desorption rate can be maintained to a higher tenperature before the 
depletion of the deposit has an effect. The same desorption mechanism may 
be applicable to the desorption at higher coverages.
A more fundamental approach to the analysis of desorption spectra does 
not assume that the desorption energy or the vibrational factor are 
constant (17, 57). The general rate equation:
~  = V(n)n^exp(-S(n)/RT)dtl .
then includes theuterms which vary with coverage. For the ‘complete1 analysis, a 
suitable coverage is chosen and each desorption spectrum is integrated 
from the high temperature end towards the lov/ until the point on the curve 
is reached where the coverage then remaining corresponds to the value chosen.
At this point the desorption rate and the temperature are read off the 
spectrum so that for a series of spectra a series of values is obtained 
of desorption rate against temperature at a particular surface coverage.
An Arrhenius plot of the values then gives the desorption energy at that 
coverage.
This method may suffer from a number of limitations. Since we.'are 
considering only the last stages of desorption is is more simple if the 
last peak is large and ends reasonably abruptly so that the coverage integral 
is not ambiguous. With the zinc-GaAs system shown (Fig 20) the main peel: is 
single and large but a number of smaller peaks appear at higher temperatures. 
These higher temperature peaks had to be ignored to obtain straight line 
Arrhenius plots. To obtain an accurate value of the desorption energy at 
any coverage a large number of desorption runs at different coverages 
must be carried out. ^or a chosen coverage there must be enough curves for 
which the coverage is not only sufficient, but also not too large, since it 
is better not to rely, on results at the beginning and the end of the
desorption curve where a small error in the integration can give a large 
error in the desorption rate. The curves 1 - 6 were not sufficient to obtain 
accurate energies and the scatter in the experimental points indicates the 
error involved (Fig. 30)..
On the other hand, this method of analysis has a number of interesting 
features. It allows one to measure directly the variation of the desorption 
energy with coverage. It also extends the range of coverages which can be 
studied to below the apparent sensitivity of the measuring instrument; for 
small remaining* coverages at high temperature^the desprption rate will be 
high and measureable.
The method retrieves information about the last stages of desorption 
from a larger initial coverage of the surface. For multilayer adsorption, 
such as for zinc on GaAs therefore, where the mechanism of desorption may 
not be directly related to the mechanisms of adsorption and nucleation, 
this analysis cannot provide information on the initial deposition and 
nucleation of the material.
Fig. 30 shows the results of the analysis carried out on the low
coverage desorption curves of Fig. 20. The desorption energy’ for the last
stages of desorption appears to decrease from about 15 kcal/mole at a
15remaining exposure of about 5 x 10 atoms/sq cm to 6 - 8 kcal/mole at a remaining
15
exposure of 3e ss than 1x3,0 atoms/sq.cm. The results then show two interesting 
features. First the desorption energy at high coverages measured by this analysis 
agrees with the desorption energy measured by taking an Arrhenius plot of the 
desorption spectra (Fig. 28). Second the reduction of the desorption energy 
to 6 - 8 kcal/mole at the last stages of desorption implies that as the growth 
centres get smaller the average binding energy of the zinc atoms decreases.
The pair interaction enegy may be about :6kcal/mole (57.) so that the zinc- 
GaAs bond on this surface seems to be very weak. The rise in the sticking 
coefficient with coverage supports the idea of a weak zinc-GaAs bond on this surf
The third feature of the desorption of zinc from GaAs dan be seen in 
Fig. 19, As the initial coverages of the desorption runs increases, or 
more probably, as the total integral exposure increases, the position of 
the spectra appears to move and the desorption rate increases. Since the 
specimen temperature is taken high enough; on each run to desorb, virtually all 
of the zinc it would seem that the surface of the.GaAs becomes permanently 
changed as the experiment proceeds. That the change is permanent, at least 
over the time scale of the experiment, can be seen by the position of
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curve 1 2 for which the exposure was small but the desorption rate follavs 
the trend of the larger exposures. The areas under the curves 12 and 1 
were virtually the same for the same initial exposure which shows that 
probably neither the sticking coefficient had changed during the process 
nor had there been a large deposit of zinc left on the surface after the 
previous desorption. That the desorption energy remains constant even 
though the desorption rate has changed implies that the.desorption is probably 
occuring by the same mechanism.
The surface change could be brought about by the effect of the* heat or of 
the zinc on the surface, ^ince the specimen had been heat cleaned for some
minutes at 850°K before the desorption runs started and was then taken to(
a rather lower temperature for the desorption runs, it was unlikely that the 
effect was wholly due to heat. , It is possible that on heating the zinc —  
coated GaAs specimen small amounts of zinc penetrate the surface of the 
GaAs and become incorporated in the layer. This small loss would not be 
noticed as such by measuring the area under the desorption curve but it 
may affect the desorption mechanism by perhaps increasing the number of 
nucleation sites. The long low high temperature peaks (Fig 19) may be due 
to the diffusion of this zinc back out of the GaA.s.
It has been shown then that the results of this particular zino-GaAs
desorption system are more easily dealt with by analyses based directly
on the fundamental desorption equation than by curve fitting and other
derived methods. The main features of the desorption are that for exposures 
15above about 5 x 10 > atoms/sq cm the desorption energy is about 16kcal/mole.
For the last stages of desorption, the desorption energy/ decreases gradually to 
a value of 6 - 8 kcal/mole at very small coverages. As the desorption 
runs continue the characteristics of the GaAs surface seem to change until 
the desorption rate' at any temperature is about seven times the rate for 
the first desorption runs.
The results that Arthur (30) obtained through studying the zinc-GaAs 
system show both differences and similarities when compared with the results 
of this study. The GaAs substrates used by Arthur were proba’ly cleaner 
than those used in the present study and this seems to have affected the 
deposition mechanism of the zinc on the GaAs surface, since in Arthur1 s 
study the zinc was shown to :gx>w: epitaxially and form a smooth layer. The set 
of thermal descrption spectra shown by Arthur exhibit much the same features 
as those in Fig 20 but the Arrhenius plot of the rising portion of the curves 
gave a desorption energy of 31.5 kcal/mole. It may be that the zinc
was desorbed with an energy near to the heat of evaporation of zinc because 
in this case the zinc deposit was in the form of a smooth layer rather than 
descrete nuclei.
A small high temperature desorption peak was seen by Arthur. The
energy of this peak assuming first order kinetics was 38 kcal/mole and the
13maximum number in the adsorption state was around 2 x .10 atoms/sq cm.
This peak was not seen in the present study possibly because it was due 
to some impurity on the GaAs surface like the'high temperature peak 
associated with oxygen, or more probably it was not seen because the deep 
trap siteswere already filled by carbon contamination.
Contaminated GaAs specimens and the small high—temperature peak
Consider now the results obta'ned from a contaminated GaAs-specimen. 
This surface was so contaminated, mainly by oxygen and carbon, that the 
Auger spectrum was unstable and showed spurious peaks. These effects 
were possibly due to charging of the surface. The desorption spectra of 
zinc from this surface showed many peaks, the spectra v/ere often not 
reproducible . and the peaks at the lower desorption temperatures did not 
occur at the higher coverages. This behaviour may be explained by 
assuming that various patches of the contaminated surface had different 
sticking coefficient so that for a certain exposure each patch will have a 
different coverage. The position of the main desorption peak from a clean 
specimen changes rapidly with a change in initial coverage; (^ig 2 0 ).
As the specimen is heated a desorption peak will be formed by the desorption 
of each patch of zinc and the measured desorption.spectrum, being*a sum 
of these peaks, will show a number of desorption maxima. F0r a small 
exposure the range of initial sticking cceffienfs would result in a large 
variation in coverage on the sample but, since the sticking coefficient of 
zinc rises quickly to about J 1 , for a large exposure there would be little 
variation in coverage and the desorption spectrum would show only one main 
peak.
From GaAs surfaces for which the only measureable contaminants were 
oxygen and carbon, a very snail high temperature desorption peak was seen. 
Although it cannot be assumed that this peak is directly duo to the 
presence of oxygen, no high temperature peak was seen on any specimen which 
did not have oxygen on the surface.
Further v/ork on the zinc-GaAs system
There is obviously a great deal of v/ork to be done before the zinc-GaAs 
system can be fully understood. In this study only one crystallographic 
plane^and surfaces prepared mainly by one preparation technique have been 
studied. Since Gr-As is a tv/o-component crystal the various planes nay be 
expected to exhibit rather different surface characteristics.. The 
cleanliness of the surface seems to have a large effect on the topography 
and mechanism of desorption of the adsorbed zinc and it would be 
interesting to investigate this further to gain a greater understanding 
of the desorption mechanisms. The presence of the high 'temperature peak 
on a GaAs sample- with some oxygen on the surface may enable the surface 
mobility of zinc on this surface to be measured. If mere sensitivity of the 
desorption measuring apparatus could be obtained,the growth of the high 
temperature peak with coverage could be studied. If the Prlgli temperature 
peak sites became canpletly filled before the low temperature peak started 
to develop this vould imply that the zf.nc was mobile enough on the surface 
to find these sites before forming- nuclei of zinc.
4.35 Conclusion
This study of a metal-semiconductor system has illustrated the use 
and limitations of the thermal desorption technique. The method may 
be used to study the desorption behaviour of many different materials 
and often has the advantage that the experiment is relatively easy to 
carry out. The disadvantage of this method is that the analysis of the 
results may be rather difficult due to the many possible complicating 
factors of the interaction between the adsorbate and the surface. The 
complicating factors which seem to have been involved in the zinc-GaAs 
system studied here are surface contamination, overlap of the spectra 
due to different desorption mechanisms, adsorbate-adsorbate interactions, 
diffusion into the bulk and surface reaction, multilayer adsorption, 
and three-dimensional nucleation**. Care needs to be taken with the analysis 
of the desorption spectra since it has been shown that simple approaches 
such as consideration of the peak position and movement, and curve fitting, 
may give ambiguous and misleading results. It is often necessafy to return 
to fundamental analyses such as Arrhenius plots and the •complete* 
analysis to obtain valid information about surface processes.
Appendix 1 - The Knudsen Cell
Introduction
The ICnudsen cell is a container with a small orifice,used to evaporate 
materials into a vacuum (59). For a sufficiently small orifice the 
equilibrium vapour of the material may be set up inside the cell and the 
effusing1 vapour may form a molecular beam. A simple theory may be applied 
to the Knudsen cell but there are various restrictions on the validity of 
-the theory in a practical situation.
The Knudsen equation and its implicit / assumptions . ..__ _
The Knudsen equation describes ideally the relationship between the 
equilibrium vapour inside the cell and the mass of material effusing from 
a small orifice in the cell wall.
Let there be N gas molecules/cc in the cell, with an average velocity
—  2
c cm/sec. The number N* of collisions from all directions on 1cm of
boundary surface is given by the kinetic theory of gases:
N » = Nc/4
When the surface is replaced by an orifice of area A, any molecule 
which would have struck the wall where the orifice nav is, will effuse,
The mass G, effusing in time t, is given by:
G = pcAt/4
where p is the density of the vapour. The Maxwell distribution law gives 
the average velocity c as:
x
c = (8RT/riir)2
where R is the gas constant, T the absolute temperature, and M the molecular 
weight of the molecules. Therefore,
x
G = (pAT(8RT/*M)2)/4 
But p = M/V where V is the volume in cc and assuming that the vapour behaves 
ideally V = RT/P for one mole. The vapour is assumed to be the equilibrium 
vapour for the material in the cell, so
i_
G— AtPe (M/23tRT ) 2 
and the equilibrium vapour pressure Pe is given by:
i_
Pe = G/AT (2riRT/M ) 2
TJiere are a: number of assumptions implicit in the theory and these may 
need further discussion to discover the limits between which this equation 
will be applicable. First the pressure in the Knudsen cell is assumed to 
be the equilibrium vapour pressure of the material being evaporated.
The effect that the ofifice has on the pressure inside the cell
will depend on the evaporation coefficient of the material
and on the size of the orifice. Ideally the orifice area should be 
infinitely small so that the loss of material from the cell is negligible.
The presence of the orifice is bound to disturb the equilibrium to some 
extent.
If the evaporation coefficient of the material is high the disturbance will 
be small but for a material with a lew evaporation coefficient such as 
arsenic, this disturbance may not be negligible. Secondly the orifice 
walls are assumed to be infinitely thin. The finite thickness of the 
walls may necessitate the use of a correcting factor, the Clausing 
Correction, due to the diffuse reflection of the molecules that collide 
with the orifice channel. There may also be diffusion along the crifice 
channel. Thirdly the vapour in the cell is assumed to behave as an ideal 
gas. fourthly the pressure of the effusing species immediately above 
the orifice is assumed to be zero and this is true for effusion into a 
vacuum. Fifthly the cell and the material in it are assumedto be at a 
uniform temperature during effusion. Much care needs to be taken to ensure 
that this assumption is valid since the pressure in the cell will depend 
exponentially on the temperature. Sixthly it is assumed that the vapour 
effuses under molecular flav conditions, that is,that the molecules in the 
effusing flux do not interact with each other - they form a molecular beam.
This is likely to be true if the pressure in the cell is belav 0.5 torr , 
for molecules which are fairly small (~1 0 -2 0$), and for
an orifice about 1 mm in diameter. The production of a molecular beam of 
known intensity by a Knudsen cell is of great use for various experiments in 
a high vacuum chamber.
Applications of the Knudsen cell
The vapour pressure in a Knudsen cell is, within the limits which have
been discussed, the equilibrium vapour pressure of the material in the cell
and this is related via the Knudsen equation to the effusing flux:. If
this flux is measured the equlibrium vapour pressure of a material may be 
measured. The molecular beam of known intensity which may be produced is 
useful for deposition, sticking coefficient and vapoui>-surface interaction 
experiments.
Appendix 2 - The Specimen Heater Control Circuit
Introduction
The thermal desorption experiment requires that the temperature 
of the specimen be raised in a known and reproducible manner. It has 
been shown that desorption spectra are easier to analyse if a reciprocal 
or a linear temperature ramp has been used (12,46,47). The use of a 
linear temperature ramp was chosen for this thermal desorption experiment 
because, since the output from the chromel-alumel thermocouple v/as closely 
proportional to the temperature ctf the junction (with the cold junction 
at 0°C) (60), it was relatively easy to check the linearity of the specimen 
temperature ramp during the experiment.
Most thermal desorption experiments have been carried out on tungsten 
and other refractory metals where the relationship between the resistance 
of the sample and its temperature has been used to produce the required 
■temperature ramp. V/hen the relationship has been found a bridge circuit 
may be used.for control (61). Very few thermal desorption experiments 
have been carried out on semiconductors. For silicon, the heating current 
has been increased linearly from zero (19) but this did not give a linear 
rise in temperature. The method of controlling the specimen heating in 
other semiconductor studies has not been specified.
The method of controlling the temperature ramp for the GaAs specimen 
was suggested by its response to the application of current steps passed 
through it (Fig 31). The response seemed /'quite smooth and reproducible, 
it seemed then that if appropriate currents were successively applied to the 
specimen,then an approximation to a linear temperature ramp might be obtained.
The Specimen Heater Control Circuit A switching circuit was designed to control 
Coutant type 1000,2 paver supply working in the constant current mode. The one 
Coutant current-control potentiometer was, in effect, replaced by a 
number of potentiometers each of which v/as set to give a particular 
current output from the power supply (Fig 32). A set of relays v/as used 
to switch control from one potentiometer to the next so that a successively 
larger current was applied to the specimen. The relays are controlled
either, in the MANUAL mode, by pulses from a push-button, or, in the AUTO 
mode, by pulses from a simple clock circuit. A decade counter and a decimal 
decoder driver transfer these pulses to the relays in the form of logic 
levels. The values of the current steps can be adjusted by altering the 
resistances of the potentiometers until one obtains as near an
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approximation to a linear temperature ramp as is required. The potentiometers 
can be successively switched at a number of different rates to obtain 
different ramp speeds and a set■of-lights is used to mark the controlling 
potentiometer at any time. A further facility of the control circuit is 
that the desired current steps may be set up in the TEST mode when the 
controlled current from the power supply passes through the ammeter but 
not through the specimen. This avoids any possible overheating of the 
specimen while settingup the current steps. In the SPECIMEN mode 
the current passes through both the ammeter and the specimen.
. Fig. 33 shews a typical linear temperature ramp obtained with the 
switching circuit controlling the heating of a GaAs specimen. Only nine 
current steps were used: the tenth and last potentiometer was set to give 
zero amps so that the specimen did not overheat.
This method cf forming a specimen temperature ramp is very versatile.
By increasing the number of control potentiometers the ramp may be made 
as accurate as is desired, and any type of temperature ramp that is 
compatible with a switched current method may be generated. Moreover 
this method may be used for any system which behaves reproducibly when heated, 
not only for direct resistance heating but also perhaps for radiation heaters.
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Fig.33’ A GaAs specimen temperature ramp obtained 
with the specimen heater
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Abstract—The evaporation of GaAs under both Knudsen and Langmuir conditions has been studied 
using a quadrupole resonance mass spectrometer. Particular care was taken to separate beam from 
tuickground signals by modulating the evaporation fluxes using a mechanical chopper. In the tempera­
ture range 850-1100°K, the arsenic vapour flux from GaAs consists mainly of As2 under both Knud­
sen and Langmuir conditions. Vapour pressure data for gallium and arsenic over GaAs are presented.
A congruent evaporation point occurs at 898°K under Knudsen conditions. Under Langmuir condi­
tions, GaAs evaporates congruently below 930°K but above this temperature arsenic is lost preferen­
tially. Under Langmuir conditions constant evaporation rates were not observed from a {100} surface 
at any temperature studied.
1. INTRODUCTION 2. EXPERIMENTAL DETAILS
S e v e r a l  authors have studied the Knudsen Measurements were performed in a stain- 
(equilibrium)[l-4] and Langmuir (free) [5] less steel U.H.V. system pumped with a 500
evaporation of GaAs using mass spectro- l./sec argon stable ion pump. Base pressures
metric techniques. However, no agreement after bake out to ~ 250°C were typically
exists concerning the arsenic species present 5 TO-11 torr. Residual gas and vapour composi-
in the vapour, the vapour pressures of gallium tion analyses were obtained using an E.A.I.
and arsenic, and the relationship between data type 1100 quadrupole resonance mass spec-
collected under Knudsen and Langmuir con- trometer which had unit mass resolution in the
ditions. Additionally, Thurmond [6] has shown range 1-300 a.m.u. An electron energy of 70
that the vapour pressure data of several eV, an ion energy of 8 V, and an emission cur-
authors is in poor agreement with pressure rent of 1 m A  were used throughout the
measurements made by other methods [7] near experimental programme. A  modulated beam
the boiling point. technique was used to distinguish between
When using amass spectrometer to measure molecules arriving at the ioniser from the
arsenic partial pressures, both background sources and those coming from the background
arsenic molecules in the vacuum system and gases in the vacuum system [8]. A two-bladed
those from the Knudsen cell contribute to the chopper was rotated by a small bakeable motor
measured ion current. In the present study the (Ferranti type A-ER/9B) mounted in the
use of various techniques for separating the . vacuum system. The signal from the quadru-
signal from the background is considered. The pole mass spectrometer was processed using
dissociation pressures of gallium and arsenic a Brookdeal phase sensitive detector, a suit-
over GaAs are reported and the relationship able reference signal being obtained by placing
between Knudsen and Langmuir evaporation a small lamp and phototransistor (Mullard
is discussed. type BPX25) on either side of the same two-
_________________________________  bladed chopper. The phase angle between the
*Department of Physics, University of Surrey, quadrupole and reference signals was known
Guildford, Surrey. and a phase shifter was employed to obtain the
1693
JPCS Vol. 34, No. 10-G
1694 C. T. FOXON, J. A. HARVEY and B. A. JOYCE
maximum output from the phase sensitive 
detector. Molecules from the background 
gases in the vacuum system did not contribute 
to the signal using this technique but their 
random arrival limited the detection sensitivity 
of the system [8]. A modulated beam of ~ 108 
mol/cm2/sec at the ioniser could be detected 
using this system. By rotating the two-bladed 
chopper by 90° a simple shutter action was 
obtained and results using this technique are 
also discussed below.
Specimens for both Knudsen and Langmuir 
evaporation studies were n-type GaAs, Si 
doped to 5-1017 cm-3 free carrier concentration. 
Slices were cut parallel to a {100} plane using 
a Zwicky diamond saw and were polished in a 
solution of 1 per cent bromine in methanol to 
remove all surface damage [9]. Small amounts 
of carbon and oxygen were observed by 
Auger electron spectroscopy on the surfaces 
of specimens used in Langmuir studies. The 
oxygen was removed by heating to ~ 530°C 
for a few minutes. A  submonolayer (~ 10 per 
cent) coverage of carbon, however remained 
after this treatment.
Figure 1 shows, schematically, the arrange­
ment of the apparatus used for the vapour 
pressure measurements. For equilibrium mea­
surements crushed slices of GaAs were placed 
in a Knudsen cell with an orifice having dimen­
sions 6mmX0Tmm. Molecules from the 
Knudsen cell passed through collimating 
slits and the two-bladed chopper before tra­
versing the ionising region of the mass spec­
trometer. The temperature of the cell was 
measured using a chromel-alumel thermo­
couple designed such that heat losses due to 
radiation and conduction from the junction 
region were minimised. Calculations show that 
the measured temperature should be correct, 
in absolute terms, to ~±3°C. The cell tem­
perature was maintained constant to ±1°C by 
regulating the voltage to the tungsten heater.
The arrangement used for Langmuir evap­
oration studies is also shown in Fig. 1. 
Tantalum clips supported the sample in the 
centre of the apparatus. Direct resistance
Molecular beam
Mass 
spectrom eter
W W W  
////// 
Chevron 
baffle
Rotating
chopper
Location of 
specimen for 
Langmuir studies
;; 3
4 f Cell containing 
/  GaAs for-Lamp
Signal
/T)hototransistor|/K nudsen studies
Phase
sensitive
d etector
Ref.
Collimating
slits
Fig. 1. Schematic diagram of the apparatus.
heating was used and, in order to improve the 
electrical contact, strips of platinum foil were 
inserted between the GaAs and the tantalum 
clips. A  chevron baffle was used to ensure that 
only molecules from the centre part of the 
specimen reached the ioniser directly. The 
temperature of the specimen was measured by 
a chromel-alumel thermocouple placed in a 
hole 0*5 m m  dia. drilled ultrasonically through 
the centre of the specinien. The sample tem­
perature could be maintained constant to 
±2°C by using a constant current source 
below ~ 800°K and a constant voltage source 
above this temperature. To ensure that meas­
urements were made under free evaporation 
conditions a liquid nitrogen cooled cryopanel 
was used to keep the partial pressure of arsenic 
in the vacuum system below ~ 10-11 torr.
3. CALIBRATION OF THE QUADRUPOLE MASS
SPECTROMETER AND THE KNUDSEN CELLS
In order to calibrate the quadrupole mass 
spectrometer and to check the accuracy of the 
temperature measurements of the Knudsen 
cells, the equilibrium vapour pressure of gal­
lium was determined as a function of tempera­
ture and compared with known data. The 
gallium peak heights at all temperatures were 
perfectly reproducible and at selected tem­
peratures the peak heights were monitored for 
prolonged periods (several hours) but no sig­
nificant time dependence could be detected. 
The ratio of the gallium peak heights at 69 and 
71a.m.u. was, within experimental error
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(~ ±2 per cent), equal to the ratio of the iso­
topic abundances. The vapour pressure in the 
Knudsen cell at a specific temperature was 
determined absolutely by depositing a colli­
mated beam of gallium on to aluminium foils 
which had been cleaned and placed in the 
vacuum system. The amount of gallium de­
posited was determined by the change in 
weight of the aluminium foils and by X-ray 
fluorescence spectrometry. A  control sample 
showed no detectable weight change and zero 
gallium X-ray count. The amount of gallium 
measured by the two techniques agreed within 
experimental error. The total probable error in 
the data collected is ±7 per cent, however, 
systematic errors are not precluded in this 
calculation. The data is presented in Fig. 2 
together with the standard vapour pressure 
data for gallium[10,11]. All points obtained 
by the present authors lie ~ 15 ±7 per cent 
above the standard vapour pressure curve,
10r3_
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Fig. 2. Gallium vapour pressure data, obtained from pure 
gallium.
however, this difference is within the com­
bined experimental errors of the two sets of 
data. The slopes of the log P vs 1 IT line con­
firms that the temperature measurement of 
the Knudsen cell was correct to ±3°C as 
stated above.
Using the above data, an absolute calibra­
tion of the quadrupole mass spectrometer for 
gallium was obtained. To determine its sensi­
tivity for arsenic it was assumed that the ion­
isation cross-section for Ga and As2 were the 
same (this point will be discussed further 
below). It was further assumed that P As. =  
k • IAsf where P As. is the partial pressure of As* 
in the Knudsen cell, IAs. the corresponding ion 
current measured using the modulated beam 
technique, and k is a mass independent con­
stant for As species [3]. Results obtained with 
the assumptions made above are probably 
only correct within a factor of two, however 
they allow a meaningful comparison to be 
made between the data presented here and 
that already present in the literature.
4. RESULTS 
4.1 Knudsen evaporation studies
The evaporation of GaAs under equilibrium 
conditions was studied, using the modulated 
beam technique described above, in the tem­
perature range 1030-1180°K. Figure 3 shows
Molecular beam only 
As+
A s,
Ga+
Furnace at1150K
Modulated beam  
sign al
As,+ As4
Molecular beam and background gases  
|As+
H2o+ Ga+us
A s,
Signal without 
modulation
A s,
As4 +
J.
m/e AMU
Fig. 3. Comparison of a mass spectrum from (a) a Knud­
sen cell containing GaAs obtained using the modulated 
beam technique with (b) a spectrum taken without 
modulation.
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a typical spectrum obtained at a furnace tem­
perature of 1130°K. Gallium peaks were ob­
served at 69 and 71 a.m.u. in the ratio 
1: 0-66 ±0-02. This ratio was independent of 
temperature and time and corresponds to the 
published isotopic abundance ratio within 
experimental error. Arsenic peaks were 
observed at 75 (As+) and 150 (As2+) a.m.u. in 
the ratio 0-7:1-0. This ratio was also inde­
pendent of temperature, within experimental 
error, but small random variations in the ratio 
were observed. No significant arsenic peaks 
were observed at 225 (As3+) and 300 (As4+) 
a.m.u., however random noise at these mass 
numbers was always observed.
The gallium and arsenic peaks were moni­
tored as a function of time at all temperatures. 
No significant variations were observed after 
the furnace reached thermal equilibrium as 
evidenced by the constancy of the thermo­
couple reading. The peak heights were also 
independent of the previous thermal history of 
the Knudsen cell. The results of these mea­
surements are shown in Fig. 4. For conveni­
ence the vapour pressure data for Ga over 
liquid Ga has been included.
For comparison with the above data a num-
r4
0-90 0-95 
1000 /T  (K~1)
10
Fig. 4. Vapour pressure data for Ga and As2 over GaAs.
ber of measurements were made using the 
beam chopper as a simple shutter. A  typical 
spectrum taken with the furnace at 1130°K 
and with the shutter open is shown in Fig. 3(b). 
Gallium peaks at 69 and 71 a.m.u. were again 
observed in the ratio 1:0-66. On closing the 
shutter the peaks disappeared. The gallium 
peak heights measured with the shutter open 
were related to the gallium peak heights 
measured by the modulated beam technique 
by a constant factor, independent of time or 
temperature, which corresponded to the gain 
of the phase sensitive detector system. Arsenic 
peaks were observed at 75 (As+), 150 (As2+), 
300 (A s4+) and 225 (As3+) a.m.u. in order of 
decreasing size. The 75, 150 and 300 a.m.u. 
signals all decreased in size when the shutter 
was closed, but the changes in peak height 
were not related in any simple manner to the 
corresponding peak heights measured using 
the modulated beam technique.
Small doubly charged gallium and arsenic 
peaks were also observed in the background 
spectra with magnitudes ^  1 per cent of the 
corresponding parent peaks. The contribu­
tions of doubly charged species to the peak 
heights at a given mass number were therefore 
negligible and the arsenic peaks at 75, 150, 
225 and 300 a.m.u. correspond to As+, As2+, 
A s3+ and As4+ ions respectively.
4.2 Langmuir evaporation studies
The evaporation of GaAs under Langmuir 
conditions was studied using the modulated 
beam technique in the temperature range 850 
- 1130°K. Below 850°K no significant gallium 
or arsenic peaks could be detected. The 
spectra obtained under Langmuir conditions 
were qualitatively similar to those obtained 
under Knudsen conditions using the same 
technique. The gallium peaks at 69 and 71 
a.m.u. and the arsenic peaks at 75 and 150 
a.m.u. were again observed in the same ratios 
as before. The ratios were again time and tem­
perature independent. The gallium and arsenic 
peaks, however, increased monotonically with 
time at all temperatures studied and no evi-
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dence for constant evaporation rates from the 
{100} surface was obtained. Figure -5 shows a 
typical time dependence for the As2+ peak. 
The previous thermal history of the sample 
had a marked effect upon the desorption 
fluxes; for example, a specimen heated to 
970°K produced a desorption flux of As2 
molecules which produced an As2+ ion current 
of ~T6.10-9A. After heating for several 
minutes at 1030°K and returning to 970°Kthe 
A s2+ ion current had increased to ~ 4-2 . 10-9 
A.
The gallium and arsenic peaks at 69, 71 and 
75 a.m.u. were monitored as a function of 
temperature and time. Repeated measure­
ments showed that although the gallium and 
arsenic peaks increased with time the arsenic 
to gallium ratio was independent of time but 
strongly dependent on the specimen tempera­
ture. The dependence of the 75As+/69Ga+ ratio 
on temperature is shown in Fig. 6.
Background spectra obtained when heating 
GaAs under Langmuir conditions were 
qualitatively similar to those obtained under 
Knudsen conditions. Attempts to use the 
beam chopper as a simple shutter also gave 
results analogous to those obtained under 
Knudsen conditions. One significant observa­
tion made under these conditions was that a
X 71Ga+ 
+ 150As
"250100 152
Time (min)
5 0 200
Fig. 5. Time dependence of the 69Ga+ and 150As2+ peak 
heights under Langmuir evaporation conditions.
2-5
20
0-5
8 0 0 9 0 0 11001000 
Spec temp (K)
Fig. 6. Temperature dependence of the (75As+/69G a+) ratio 
from a GaAs specimen heated under Langmuir evapora­
tion conditions. The shaded region indicates the possible 
range of values for the (75A s+/69Ga+) ratio within which 
congruent evaporation occurs. The width of the region is 
determined by the range of possible contributions of the 
75As+ to the total arsenic flux.
steady-state background pressure of arsenic 
was established in the vacuum system if the 
cryopump was not employed. The background 
pressure so established could be mistaken for 
a constant evaporation flux in a static measur­
ing system since it increases with increasing 
specimen temperature.
The surface topography of specimens 
heated under Langmuir conditions was ex­
amined using optical microscopy and scanning 
electron microscopy. Before heating, speci­
mens were essentially featureless. After heat­
ing above 930°K rectangular pits were 
observed with (111) and (ITT) facets. The 
pits intersected the (100) face in (110) direc­
tions. Large droplets on the surface were 
shown by X-ray microprobe analysis to be 
mainly gallium. A  typical scanning electron
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micrograph is shown in Fig. 7. Specimens 
heated below 930°K had roughened surfaces 
but no pits or gallium droplets were observed.
5. DISCUSSION
Before discussing in detail the results pre­
sented above, it will be helpful to consider the 
problem of measuring the arsenic flux evapor­
ated from GaAs using a mass spectrometric 
technique. Arsenic, being a polymeric gas, can 
undergo both associative and dissociative 
reactions in the vacuum system. Results ob­
tained using the different techniques described 
above will be used to show that several 
authors have failed to distinguish between the 
ion current produced by arsenic molecules 
leaving the specimen and the ion current due 
to background arsenic molecules in the 
vacuum sy stem. Such errors have undoubtedly 
contributed to the discrepancies present in the 
literature on this subject.
As can be seen from Fig. 3(b), whenever 
GaAs was heated in the vacuum system large 
As+, A s2+ and As4+ signals were observed in 
the background spectra. However, no As4 
could be detected in the evaporation flux from 
GaAs using the modulated beam technique, 
but at 300 a.m.u. the presence of As4 molecules
in the vacuum system gave rise to random 
noise. It follows that the As4 observed in the 
background spectra was formed by an associ­
ation reaction of the type 2As2 —» As4 on the 
walls of the vacuum system with a time con­
stant long compared with the chopping period 
of the modulated beam technique (~ 30 msec). 
Since a significant change in the As4+ signals 
was measured using the simple shutter ar­
rangement the reaction time was probably 
shorter than 10 sec at room temperature. Our 
results allow an upper limit of < 1 per cent to 
be placed on the amount of As4 relative to the 
amount of As2 present in the vapour from 
GaAs, based on the known sensitivity and 
mass discrimination of the mass spectrometer, 
and this has been used below in comparing our 
results with those previously published. Table 
1, which summarises the results of several 
investigations, shows that the data falls into 
two clear categories. Using a mass spectro­
meter with no precautions to remove back­
ground contributions to the measured ion 
currents or using a simple shutter arrangement, 
all authors report roughly comparable As4+ 
and A s2+ intensities. However, significantly 
different results were obtained by the present 
authors using the modulated beam technique
Table 1. R eported  values fo r  the ratio o f A s 4+lA s2+ measured in the vapour flux
from  G aA s
A s4+/A s2+
Temp.
GaAs
°K Measurement technique Reference
0-5 1100 Knudsen and Langmuir Evaporation with 
Line of Sight from Specimen to Ioniser
Present authors
1-3 1100 Knudsen Evaporation with Line of Sight 
between Specimen and Ioniser
De Maria et al. [4]
0-75 1100 As above Drowart and Goldfinger[l]
1-2 1050 As above Gutbier[2]
0-5 1100 Knudsen and Langmuir Evaporation using 
a simple Shutter Arrangement
Present authors
1-3 1100 Langmuir Evaporation using a Simple 
Shutter Arrangement
Lou and Somorjai[5]
<  0-01 1100 Knudsen and Langmuir Evaporation using 
Modulated Beam Technique
Present authors
0-006 1100 Knudsen Evaporation with Liquid N2 
Cooled Region surrounding the Ioniser 
with a Shutter
Arthur [3]
■ ■ ■
Fig. 7. Micrograph of GaAs heated to ~  1000°K.
{Facing page  1698)
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and by Arthur, who used a liquid nitrogen 
cooled cryopanel to prevent the build-up of 
A s4 molecules in the vicinity of the ioniser. 
Since it is well known [8] that the modulated 
beam technique separates beam from back­
ground signals it follows that techniques used 
by several authors [1,2,4, 5] have not correct­
ly sampled the evaporation flux from GaAs.
The data shown in Fig. 4 can now be used to 
determine a number of quantities. The activity 
coefficient a for gallium in GaAs is related to 
the measured partial pressure of gallium over 
GaAs, PGa, by the expression
PGa
a  X  PA Gar O
where P 0 is the vapour pressure of gallium 
over gallium and X Ga the atomic fraction of 
gallium in GaAs. The mean value for a is 
1-2 ±0-1 which is in good agreement with the 
value obtained by Arthur[3] from his mea­
sured arsenic activity data. The congruent 
evaporation point can also be determined from 
the relation PGa = 2PAS2 + 4PAS4 where P AS4 is 
negligible, congruent evaporation takes place 
at ~ 898°K. This temperature is significantly 
lower than that estimated by Thurmond [6] 
(933°K) and below the value given by Arthur 
[3] (910°K). The value reported by Arthur is 
higher than that given above because he 
assumed that the partial pressure of gallium 
over GaAs was equal to the vapour pressure
of gallium while our experiments suggest 
otherwise.
As can be seen in Fig. 3(a), large As+ and 
A s2+ signals were observed using the modu­
lated beam technique. The As+ signal could 
have been produced either by the dissociation 
of A s2 molecules in the mass spectrometer or 
by the evaporation of As molecules from 
GaAs. From the arsenic data standard enthal­
pies for the possible reactions
GaAs —>■ Ga<S) + AS(fl)
and
GaAs -> Ga(S)+iAs2fe)
were obtained by second and third law 
methods, and the results are shown in Table 2. 
The data of Lichter and Sommelet[12] for 
GaAs and Stull and Sinke[13] for gallium and 
arsenic were used in the calculations. It is 
clear that the data for the possible dissociation 
involving As molecules is not in good agree­
ment. Furthermore the As+/As2+ ratio was 
independent of temperature and the same 
under Knudsen and Langmuir evaporation 
conditions. It was, however, significantly 
changed by reducing the emission current 
used in the quadrupole mass spectrometer 
from 1*0 to 0-3 mA. The above evidence 
suggests therefore that the As+ signal arose 
from a dissociation reaction As2 -» 2As which 
took place in the mass spectrometer with a 
time constant less than 30 msec. .
Table 2. Standard enthalpies at 298°K forposs ib le  G aA s dissociation reactions
Reaction A/ / 298 2nd law method AH 2<m 3rd law method Reference
k cal/mol k cal/mol
GaAs —> Ga<s) + A s (0) 97 75 Present authors
GaAs Ga<s)-l-iAs2(,;) 48-2 44-8 Present authors
As above 48-5* 44-9 Arthur [3]
As above 44-8t Gutbier[2]
As above 39-5t Drowart and Goldfinger[l]
As above 45-3* De Maria et al.[4]
^Derived from published data, 
f Corrected to standard enthalpies.
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From Table 2 it can be seen that the data 
presented here is in excellent agreement with 
the data published by Arthur[3] while the 
values reported by other authors are signifi­
cantly different. As discussed above there is 
other evidence to show that their data may be 
in error because those authors failed to dis­
tinguish between beam and background 
contributions to the measured arsenic ion 
currents. The data presented here and that 
reported by Arthur can be used to estimate the 
relative sensitivities of a quadrupole mass 
spectrometer to Ga and As2 molecules since 
the calibration techniques used were entirely 
different. The measured relative sensitivity is 
approximately 1:1*2 which is in good agree­
ment with the value reported by De Maria et 
al.[4] derived from measured ionisation cross 
sections for Ga[14] and As2[15] molecules.
Constant evaporation rates have been 
reported by several authors [5,16,17] for 
GaAs heated under Langmuir conditions, 
however, in the present study no such be­
haviour was observed. From micrographs 
taken after varying amounts of evaporation 
had occurred it was clear that the thermal etch 
pits shown in Fig. 7 increased in size as a func­
tion of time. This probably occurred because 
evaporation took place preferentially on the 
exposed (111) and (TIT) faces of the pits. It 
follows that as the etch pits increased in size 
the measured evaporation rate would increase 
as a function of time, as observed. Lou and 
Somoijai[5] on the other hand reported 
measuring constant evaporation rates even 
though their published micrographs show evi­
dence of faceting. The same authors failed to 
observe Ga in the vapour flux from GaAs and 
as already shown failed to distinguish between 
beam and background signals in their mass 
spectrometric data. Their data is, therefore, of 
doubtful validity.
Figure 6 shows the relative ion currents 
under Langmuir conditions of 69Ga+ and 75As+ 
ions. This data can be used to calculate the 
relative evaporation rates of gallium and 
arsenic if it is assumed that the Ga and As2
molecules leave the surface at the temperature 
of the GaAs. It then follows that
</>As _  £  # 175As+
4> Ga 169Ga+
where $Ga and </>As are the total fluxes of gal­
lium and arsenic atoms leaving the surface/ 
sec. Using the measured ratios for the relative 
peak heights 69Ga+:71Ga+ and 75As+: 150As2+ 
the constant k can be shov/n to be between 1 *8 
and 2*4 depending upon the allowance made 
for the As+ contribution to </>As. Applying this 
conversion factor to the data shown in Fig. 6 
it is clear that for 6 < 930°K </>As/</>Ga ~ 1 » that 
is the evaporation takes place congruently, 
above 930°K arsenic is lost preferentially.
The temperature dependence of the relative 
evaporation rates of gallium and arsenic, 
measured under Knudsen conditions, would 
be quite different from the behaviour shown in 
Fig. 6 which occurs under Langmuir condi­
tions. Because under Knudsen conditions the 
returning fluxes always maintain a constant 
composition, it is possible for the evaporation 
rate of gallium to exceed that of arsenic at low 
temperatures; that is when the partial pressure 
of gallium over GaAs is more than twice the 
partial pressure of arsenic over GaAs. Under 
Langmuir conditions however, the evapora­
tion rate of gallium can never exceed that of 
arsenic because this would leave free arsenic 
on the GaAs surface and it has been shown 
that in this temperature range arsenic has zero 
sticking probability on GaAs in the absence 
of free gallium on the surface [20]. Thus, under 
Langmuir conditions, there exists a range of 
temperature (< 930°K) over which congruent 
evaporation occurs, but under Knudsen con­
ditions congruent evaporation occurs at a pre­
cisely defined temperature (898°K). It is 
interesting to note that under Langmuir con­
ditions congruent evaporation takes place at 
temperatures above the Knudsen congruent 
evaporation point. This suggests that the sur­
face stoichiometry of GaAs is different from 
its bulk stoichiometry in this temperature
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range. Such a difference was proposed re­
cently by Arthur [18] in order to explain the 
different surface structures observed by Cho 
[19] using reflection electron diffraction after 
heating GaAs in this temperature range.
6. CONCLUSIONS
(a) When using a mass spectrometric tech­
nique to look at volatile species from a Knud­
sen or Langmuir evaporation source it is 
essential to separate the contributions to the 
ion current due to molecules from the evap­
oration source and molecules from the back­
ground gases in the vacuum system. Both the 
modulated beam technique used by the 
present authors and the pulsed beam technique 
used by Arthur [3] are adequate in this respect 
when arsenic is being evaporated.
(b) The dominant arsenic species in the 
vapour flux from GaAs below ~ 1100°K is As2 
under both Knudsen and Langmuir conditions.
(c) The vapour pressures of gallium and 
arsenic over GaAs are well established since 
the data of Arthur [3] and that of the present 
authors are in excellent numerical agreement.
(d) Congruent evaporation from GaAs takes 
place at 898°K under Knudsen conditions and 
below 930°K under Langmuir conditions.
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